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Wen did we get all this junk?” is a familiar 
spring-housecleaning phrase—now being heard 
around industrial plants—and with profit, too. One 
concern, as a part of its salvage campaign, asked the 
individual workmen to clean waste metal from their 
tool boxes, lockers, and work benches. Metal scrap 
came from surprising places, including office desks 
and filing cabinets. Over $7000 worth of salvageable 
material was collected in two weeks—along with the 
increased tidiness that results from a housecleaning. 
A campaign for scrap paper had an unlooked-for 
benefit. So many filing cabinets were disgorged of 
useless records that a couple of dozen cabinets badly 
needed elsewhere were obtained. 


Lixe the cat, many materials have multiple lives. 
A builder of heavy machinery had—like nearly 
everyone else—made 
kindling of the wood 
crating and packing 
lumber received with 
raw materials. With a 
little care in the receiv- 
ing department, this 
wood now goes to a 
scrap lumberyard, to 
reappear as blocking, 
and crating material on 
the plant’s own large 
shipments. 
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Nor all mines are below ground. Some companies 
have found “mines” of needed materials in their own 
back yards. One company formerly dumped tung- 
sten and molybdenum lathe turnings onto a vacant 
lot. The cutting oil drained off into the ground, and 
someone was subsequently paid to haul the turnings 
away when the accumulation became too large. Now 
the company is mining its own dump ground, at a 
profit of 75 cents per pound. Several thousand dol- 
lars have been saved in only a few months’ time. . . 
.. . . Some popular skeet-shooting grounds are now 
proving to be very rich lead “mines.” 


Ws can become so accustomed to anything—even 
rubbish—we can’t see it. After completing a cam- 
paign for scrap, with good but not startling results, 
an employe of a street-railway company called atten- 
tion to an old iron fence around a piece of unused 
wooded property. Investigation disclosed the fence 
had been erected in the 1860’s and was so much a 
fixture of the landscape no one noticed it. It yielded 
several tons of scrap metal and gave a much better 









view of the woods. A case of not being able to see 
the forest for the fence. 


Manacine a scrap department is a curious business 
in reverse. Unlike most departments in which the 
manager does all he can to increase his business, the 
manager of a well-run 
scrap department does 
all he can to decrease 
his. His aim is to keep 
material from becom- 
ing scrap. One plant 
department uses a wide 
variety of irregular 
shapes cut by acetylene 
torch from flat steel 
sheets. In the days of 
the old American phi- 
losophy, that “there is 
always more where that 
came from,” it was easy 
for a workman to draw from stock a new steel sheet 
when he hag a “burn” to make. Now the scrap de- 
partment has material specialists who determine 
whether a used piece should be sent to scrap, back 
to the material stockroom, or recut so that it can 
be used as raw material in other sections of the 
plant that use smaller pieces. 






GET BACK UP ON 
THAT STOCK PILE!! 


Satvace experts work on the basis that everything 
has some value. The small drops of metal resulting 
from flame-cutting and welding operations had been 
swept up and sold along with other waste metal. 
One enterprising salvage operator found this waste 
was extremely well adapted to powder metallurgy 
needs. He now gets twice as much per ton. 


Tre importance of a little care in segregating scrap 
at the source has recently been given new signifi- 

= cance. A small piece of 
zinc tossed into a con- 
tainer of scrap alumi- 
num renders it unfit for 
reclamation and subse- 
quent use in airplane 
manufacture. Thou- 
sands of tons of alumi- 
num have been lost by 
this carelessness be- 
cause no economical 
method has been de- 
vised to separate zinc from aluminum . . . One scrap 
department was able to increase the price per pound 
obtained for machine turnings—by keeping banana 
peels and such out of the scrap drums. 
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Ordeal by Short Circuit 


























Although a short circuit ordinarily is the engineer’s anathema, a 120 000-kva power station has been built just to = 

make them. Because circuit-opening devices have grown to enormous interrupting capacities (engineers are peering i ” 

beyond 2.5 million kva), designers have been pressed for means to guide them in development and to test the finished om 

devices. Field tests and synthetic tests provide valuable information, but nothing is as good as short circuits, realistic fiel 

as to voltage and current, that can be created at will. To provide them, a full-size power station has been erected in to 

the designer’s back yard, not only to test breakers but also to test fuses, disconnect switches and other devices. : = 

0 

I ste 

PEED and reliability of circuit breakers in The short-circuit current required for B age 

S interrupting short circuits determine to R. C. VAN SICKLE testing a high-power circuit breaker corre: f} fel 

a large extent how well the remainder of the Circuit Breaker Engineer, sponds to that obtained on a power system. F} fac 
. : Westinghouse Electric & nee” A 

system is protected from disturbance and Mfg. Co. The places where circuit-breaker testing of J anc 

possible damage. The adequacy of circuit such magnitude can be conducted are few. ! 

breakers for this emergency service is not Occasionally tests can be made in the power § sta 

indicated by their operation under normal load conditions stations themselves, but most of them must be conducted in 9 spe 

nor can it be accurately predetermined by calculation. Serv- the testing stations of the manufacturers. g Por 

ice experience with breakers subjected to short circuits is not 9 tur 

entirely conclusive as it is generally difficult to determine ex- Field Testing aac 

actly what took place, the magnitude of the short-circuit The oldest check of circuit-breaker short-circuit perform § of 

y current, or exactly how the circuit breaker performed. Con- ance is the field test conducted on a power system under ap- § of « 

sequently, to insure reliable operation circuit breakers must proximate service conditions. For such a test, the circuit | mo 

be subjected to short-circuit tests during which accurate rec- breaker can be installed in its normal location but more fre J Th 

ords are made of the conditions involved in the test and quently it is mounted in a specially arranged test cell with @ ene 

of the breaker performance. additional protective equipment between it and the main ¥ erti 
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part of the system. Short-circuit current is controlled by 
varying the amount of generating capacity supplying power 
to the circuit and by varying the path through which the 
power must flow to the staged fault. When a short circuit is 
applied, oscillographic and other records of the breaker per- 
formance are made. 

Staged tests on operating systems expose their equipment 
to the short circuit. The ensuing voltage and current dis- 
turbances may inconvenience customers and may damage 
the system equipment. Hazard is increased by the possibility 
that the breaker on test may not function as intended, usu- 
ally necessitating that the breaker be physically isolated from 
other equipment. The inductance and capacitance added by 
so doing may reduce the severity of the test. 

Field tests are made infrequently; they constitute less than 
one per cent of the total short-circuit testing of circuit break- 
| ers. The data provided, although helpful, is inadequate as a 
basis for new breaker development, but it does give important 
information on various aspects of system performance. For 
example, staged faults indicate how severely customers’ serv- 
ice would be affected by accidental faults, and demonstrate 
the performance of relays and the stability of various parts 
of the system. 


















Laboratory Testing 


The results of the early field tests demonstrated the need 
for facilities that can be used at all times for the study of cir- 
cuit interrupters. Repeated short circuits under controlled 
conditions to demonstrate the effectiveness of design changes 
were required. As a result, manufacturers built high-power 
short-circuit testing laboratories.” * 

The early laboratories were able to prove the smaller in- 
} terrupting capacities and to assist in developing the larger 
ones. The resulting improvements in the apparatus justified 
increasing the power available for testing and this was done 
in 1930. This provided adequate testing facilities for breakers 
rated up to 1.5 million kva.* * 

Tests in a laboratory that can supply the rated interrupting 

} current at rated voltage are much more satisfactory than 

) field tests on power systems. In the laboratory it is possible 
to make many tests and to duplicate them. In this way two 

} devices can be compared by subjecting them to the same series 

| of tests. By covering the entire range of current in small 
steps, any weak points are disclosed. Transient recovery volt- 
ages are usually more severe but can be modified to duplicate 
field conditions. A laboratory located near manufacturing 
facilities makes possible the rapid checking of design changes 
and facilitates development work. 

A high-power laboratory is actually a special-purpose power 
Station located within a manufacturing plant. Because of its 
special function, it differs in many ways from an ordinary 
power station. The utility station has hydraulic or steam 
turbines to supply the driving force, and it supplies energy to 
a continuous, relatively steady load. Magnitudes and effects 
of accidental short circuits are carefully limited. Generators 
of a testing station, on the other hand, are driven by electric 

f| Motors that start them and supply the normal no-load losses. 
The energy actually used in a test comes from the kinetic 
energy of the generators, which, because of their high in- 
} ‘ttias, slow down only slightly during the few cycles’ dura- 
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tion of a test. The circuits are designed for the production of 
the maximum possible short-circuit current. 

High-power laboratories must duplicate system short cir- 
cuits, but do not require a generating capacity equal to the 
total generating capacity of the largest system. In a system 
the generator capacity is divided among stations with suff- 
cient impedance between them to limit materially the total 
short-circuit current. Likewise in the larger stations, the gen- 
erators are so connected that a fault at any one point does not 
receive the total maximum power of all generators. Gener- 
ating stations are designed to limit the maximum short- 
circuit currents, to minimize system disturbance and to re- 
duce the destructive effects of a short circuit. 


TRANSIENTS FROM THE LARGEST HIGH-POWER 
TEST STATION 


So often it is not the cost of raw materials but their processing 
and delivery that count. A short-circuit test on a 2.5 million-kva 
circuit breaker uses only about 75 cents worth of electricity, but 
requires a 120 000-kva power plant to produce at the correct 
magnitude and deliver it at the right place at the right time. 


The high-current station must be able to produce short-circuit 
wallops as large or larger than can be obtained from the largest 
power systems, but it differs in many curious respects from ordi- 
nary power stations. Its 60 000-kva generators are driven by 6000- 
horsepower prime movers. These prime movers furnish none of 
the load directly, only to build up rotational energy. . . . The gen- 
erators have an extremely poor load factor. They supply load 
only for a total of a few seconds a week. 


The inertia of the generators is tremendous. The rotors are 
twelve feet in diameter and weigh over 200 tons, which with a 
four-mile-a-minute periphery speed gives a kinetic energy of 
nearly nine million pounds feet squared. A coasting stop would 
require over two hours. To save wear, they are brought to a stop 
in eight minutes by dynamic braking. 


Since 1925 over 100 000 short-circuit tests have been made by 
the laboratory at East Pittsburgh. As many as 150 tests have 
been made in a single day, 100 of them on a single switching 
device. 


The better race tracks are equipped for high-speed processing of 
photo-finish pictures; the high-current testing station is likewise 
equipped. Films from the oscillograph can be rushed into an 
adjoining dark room and developed for engineers’ study in about 
two minutes. 


A high-power laboratory is designed to represent the sec- 
tions of power stations that can supply power to faults. It has 
one or more power sources with supplementary transformers 
to supply other desired test voltages, variable impedances for 
limiting the currents, control equipment for performing the 
tests and elaborate apparatus for recording the performance 
of the device on test, as shown in Fig. 1 (a). 

The conditions that determine the severity of the inter- 
rupting duty are voltage, current, and transient recovery 
voltage. Voltage and current can be duplicated within the 
range of power available. Transient recovery voltage is the 
voltage that appears across the breaker terminals between the 
extinction of the arcs and the establishment of the normal 
frequency recovery voltage. Its magnitude depends upon the 
characteristics of the circuit. In circuits not involving long 
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transmission lines, the voltage consists of one or more sinus- 
oidal components, oscillating at the natural frequencies of 
the circuit. The greater the capacitance of the system, the 
lower the natural frequencies, and the slower the voltage 
recovers across the breaker terminals. Consequently, break- 
ers in service usually are subjected to less severe transient 
recovery voltages than in the laboratory. In a few cases, with 
reactors immediately adjacent to circuit breakers the natural 
frequency is higher than in the laboratory. Recent investiga- 
tions show that difficulty of interruption does not increase 
indefinitely with natural frequency of the circuit, and also 
that natural frequencies obtainable in laboratory circuits 
fully demonstrate the breaker for the most severe transient 
recovery voltages.” 


Extrapolating Data 


The testing powers available for the last ten years have 
been inadequate to demonstrate all ratings of breakers, and 
methods were developed for simulating higher capacities. 
The simplest of these is the testing of a single pole of a three- 
phase breaker. All transformers can be used in parallel to re- 
duce circuit impedance and the maximum single-phase out- 
put of the laboratory can be applied, at transformer voltages, 
to the single pole, as indicated in Fig. 1(b). This is particu- 
larly advantageous if the breaker is to be tested for its per- 
formance on line-to-ground faults on a grounded system be- 
cause the line-to-ground voltage can be used and currents 
can be obtained that are much greater than those available 
for three-phase tests. 

Another method applies three-phase power to a single pole 
of a breaker by connecting the crossbar between the two in- 
terrupters to the tank and the third phase. Each half of the 
pole unit interrupts the applied line-to-line voltage, which 
consequently can be about half of the voltage normally used 
for single-pole testing, thereby increasing the available cur- 
rent. However, the currents in the two sides of the pole unit 
are out of phase and after interruption by the first pair of 
contacts, the generator is still subjected to a line-to-line short 
circuit, as in Fig. 1(c).° 

A simple and convenient means of obtaining an indication 
of the ability of the breaker to interrupt these high powers 
can be used if the arcing time of the breaker remains un- 
changed while the recovery voltage is reduced over a wide 
range. As indicated in Fig. 2, a series of tests to demonstrate 
the ability of the breaker to interrupt the rated voltage is 
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made up to the maximum current available. A second serie; 
to demonstrate the ability of the breaker to withstand the: 
stresses imposed by the rated interrupting current is made aj 
as near rated voltage as possible. The arcing times at the two 
test voltages should be the same in the range of currents cov. 
ered by both voltages and it must be assumed that they re. 
main the same up to the rated interrupting current of the cir. 
cuit breaker. This method is reasonably satisfactory, but ii 
still leaves a question as to what would happen if the rated 
voltage and rated interrupting current were applied on the 
same test. 

Multibreak circuit breakers can be tested in sections, each 
section being subjected to its share of the rated voltage and 
the rated interrupting current. This is usually supplemented 
with tests on the whole pole unit at the highest powers avail. 
able at rated voltage and at rated current as previously de. 


scribed for Fig. 1(c).’ 


















Synthetic Testing 


Efforts to combine the heavy current available on a low-f 
voltage circuit with the high voltage available on another ¢ 
circuit to produce the effect of a higher power equal to the} 
product of the two have resulted in the development of “‘syn-) & 
thetic” methods of testing. In these methods the power of the * 
test generator is supplied to the test breaker through two t 
circuits having different voltages. The first delivers the ratelf 4 
interrupting current of the circuit breaker until the arc is to t 
be interrupted. It must have sufficient voltage to sustain the 
arc as long asthe higher voltage. At the final current zero the 
circuits are switched so the high voltage, corresponding to 
the rated voltage of the circuit breaker, is impressed across 
its contacts. 














Sometimes a small current flows through the breaker after} V 
arc extinction. This current may greatly modify the transienlf fi 
recovery voltage. For this type of test to be true, the modifica} 

a 


tion of the transient recovery voltage by these currents mus! 
be approximately the same on the test circuit as in actual 
practice encountered in the field. 

Several methods have been developed for shifting from the 
high-current circuit to the high-voltage circuit at the time d 
final current zero. Usually a pole of an auxiliary breaker, off © 
another pole of the same breaker, is connected in series with 
the one on test, as in Fig. 3.3 The opening of the two poles in 
series interrupts the low-voltage circuit and isolates the cir} 7 
































Fig. 1—A group of schematic wiring diagrams showing equipment used in typical tests. (a) Test circuit used in three-phase circuit- 
breaker test. Recording devices not indicated. (b) Typical laboratory single-phase testing circuit. All power transformers are in par- ‘ 


allel to give low reactance. (c) Testing a breaker rated above laboratory capacity by applying the three-phase output to a single pole. 
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Arcing Time at Rated Voltage 
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at Rated Voltage ; 





Arcing Time at a Lower Voltage 
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Current Interrupted 
Fig. 2— Testing the interrupting ability of a circuit breaker rated 
above the capacity of a testing laboratory. A series of tests at rated 
voltage demonstrates voltage-interrupting ability and a series of 
tests at lower voltage demonstrates ability of breaker to interrupt 
the rated current with an arcing time approximately the same as 
produced by rated voltage. Test results graphically shown above. 


this section and the line connected to the pole on test. These 
circuits require that the breaker have an arcing time prac- 
tically independent of voltage, because the two poles in series 
must not interrupt the arc until the test pole can withstand 
the recovery voltage of the higher potential circuit. This re- 
quirement of breaker performance limits the application of 
the method. 

In some synthetic-testing circuits, the higher voltage 
source is replaced by surge generators that simulate the 
transient recovery voltage. The surge voltage is only a rough 
approximation, as any influence the circuit breaker may have 
on that transient differs from what it would be on a transient 
voltage supplied from a normal 60-cycle source. The transient 
from the surge generator does not continue to impress volt- 
age across the circuit breaker contacts in the same manner as 
a 60-cycle wave. It does not test the possibility of the arc 
striking at a period of one-half cycle or more subsequent to 
the final interruption. 

For breakers operating with low arc voltage and interrupt- 
ing at an early current zero, the synthetic test methods can 
give additional data to indicate interrupting abilities higher 
than those that can be directly proved by a laboratory. Some 
of the methods have limitations in the types and natural fre- 
quencies of the transient recovery voltages, which prevent 
the duplication of the more severe transients. With circuits 
that function at only one current zero, the occasional failure 
of the circuit or breaker to work as desired results in an in- 
conclusive test as the breaker might or might not have inter- 
rupted at the next current zero. 

Synthetic testing has been investigated in Europe.’ The 
conclusions there are: the method can be used with some 
breakers, but for applying transient recovery voltages at 
succeeding current zeros to breakers, auxiliary equipment is 
required, comparable in cost to the simulated generator ca- 
pacity and the validity of the method is yet to be established. 


Full-Scale Laboratory Testing 


The limitations of field testing and the uncertainties in the 
methods of testing breakers rated above laboratory capacities 
make full-scale laboratory testing the most satisfactory means 





of developing and fully demonstrating interrupting ability. 

With power systems continually growing larger and inter- 
connections increasing, the power to be controlled by circuit- 
interrupting devices continues to increase. Raising the maxi- 
mum interrupting ratings of circuit breakers from 2.5 million 
kva to 3.5 million kva is now being discussed and breakers 
are already being operated on circuits capable of producing 
short circuits in excess of their 2.5 million-kva rating. To 
meet the need for the increased testing capacity required for 
equipment used in systems of such tremendous power con- 
centrations, the high-power testing laboratory at East Pitts- 
burgh was recently enlarged.’® The testing station is now 
capable of delivering a 2 million-kva short circuit based on 
the initial voltage and the rms value of the a-c components of 
the short-circuit currents. By parting the breaker contacts 
while the currents are asymmetrical, 2.5 million-kva breakers 
can be tested at their rating. The laboratory apparatus is de- 
signed to withstand repeatedly the forces produced by these 
heavy tests because in this power station the production of 
short-circuit currents is the normal duty. 

The laboratory has two generating stations. The older sta- 
tion was built in 1925 and contains two 20 000-kva generators 
that can be operated at five different 60-cycle voltages and 
seven different 25-cycle voltages. In 1930 another generating 
station was added, with one 60 000-kva machine and space 
for a second. The second generator has now been installed 
together with a new bank of power transformers and other 
auxiliary apparatus. 

The two 60 000-kva generators are independent units, each 
having its own motor and exciter. Two 6000-horsepower in- 
duction motors with rotor resistance supplied by liquid 
rheostats, bring the generators up to speed, and remain on 
the line during the tests as the loss in speed of the rotors is 
comparatively slight. 

The new arrangement provides great flexibility. Each of 
the generators has its own circuit breaker, which is capable 
of interrupting the short-circuit current in case the circuit 
breaker on test fails to do so. The circuits, as shown in Fig. 4, 
also include separate banks of reactors for each generator 
and two banks of transformers, each rated at 100 000 kva. 
These transformers can be operated single phase or three 
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Oscillogram made during breaker test to demonstrate the performance of 
the opening of the first pole when a transformer bank was disconnected. 
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Fig. 3— Diagram of typical synthetic testing circuit. 


phase and in parallel or in series, on star and delta connec- 
tions, with the result that a wide range of secondary voltages 
is available and the intermediate steps are close together. The 
second bank of transformers, although essentially a duplicate 
of the previous bank, is insulated for 198 kv to ground. This 
makes it possible for the transformer banks to be used up to a 
three-phase voltage of 345 kv or a single-phase voltage of 
396 kv with the mid-point grounded. With the six trans- 
formers in parallel for single-phase tests, the total trans- 
former reactance is relatively low, thereby permitting a high 
output at single-phase transformer voltages. This is important 
as it enables the laboratory to deliver sufficient power at 
these voltages to test single poles of three-phase 2 500 000- 
kva breakers up to their rated interrupting current, with 
service voltage across them. 

The station has six test cells. The largest one is provided 
for the testing at transformer voltages, although power can 
be supplied to it at generator voltages. Three cells with a 
common bus extending across their back walls are provided 
primarily for high-power testing at generator voltages. An- 
other cell provides for fuse testing and for heavy-current 
testing at 625 to 5000 volts by means of three furnace-type 
step-down transformers capable of delivering a three-phase 
short-circuit current of 200 000 amperes for five seconds. 
The walls and ceiling of this cell are well insulated and the 
temperature within the cell can be reduced to 20 degrees 
below zero F, even with an ambient temperature of 90 de- 
grees. The sixth cell is used for tests with power supplied 
directly from the two older generators. 

Testing in this laboratory is facilitated by the flexibility 





































Full test-cell visibility from control room affords complete safety. 
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and precision of the control. The timing is accurately de. 
termined by a motor-driven cam switch that performs all of 
the switching operations during the tests. The air switches 
for closing the circuits can be synchronized with the gener. 
ators, so that on single-phase tests any desired degree of | 
asymmetry of the short-circuit current can be obtained. The 
magnetic and cathode-ray oscillographs record accurately the 
voltages, currents, travel, pressures, and, if desired, even the f} 
stresses and movements of parts of the circuit breaker. 
Types of power tests that can be made on breakers are: 



















1—Current carrying tests to determine the mechanical and thermal ff 
adequacy. 

2—Interrupting tests opening short circuits, which are made by the 
closing switch. 

3—Testing the ability of a circuit breaker to close against a fault 
current. 

4—The closing and opening of a short circuit by a circuit breaker. 

5—The disconnection of power transformers by a circuit breaker. 

6—The interruption of the charging current of a capacitor bank. 

7—The effects of arcs on porcelain insulators or conductors. 

8—The effect on the performance of circuit breakers of extreme tem- 
perature conditions produced in the cold room. 
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The new East Pittsburgh high-power laboratory marks af} du 
step in the progress of the short-circuit testing of circuit }} of 
breakers. The flexibility of the laboratory permits testing of B de 
circuit breakers rated up to 2500000 kva under proper the 


conditions of voltage, current, and transient recovery volt- 


ages. Accurate laboratory control makes possible thorough f fiel 


breaker testing throughout the entire range of current) the 
encountered in actual service. ma 
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The Mechanism of Magnetism 


Despite over 2000 years of use for compasses and kindred simple magnets, it has only been during 
the past few years that scientific knowledge has displaced the “rule of thumb” method in utilizing 
magnetic forces. Research in atomic and molecular magnetism in metallic crystals has developed 
the “why” of magnetism, which gives us a clearer understanding of such matters as hysteresis 
and magnetostriction, and the reason for the superior magnetic properties of grain-oriented iron. 


EARLY a half-billion pounds of iron is used in the United 
N States yearly for electrical purposes. The reason is, 
of course, that iron is the material most readily capable of 
becoming highly magnetized. Just what 
happens inside a transformer lamination or 
a lifting electromagnet element has been 


SIDNEY SIEGEL 


Magnetic Property of Ferromagnetics Is Unique 

A small group of paramagnetic materials; namely, iron, 
cobalt, nickel, alloys and compounds of these metals, and 
certain alloys containing manganese, differ 
radically from all other substances. The 
outward difference between these mate- 


thoroughly explored and it is possible to Research Engineer, rials, called ferromagnetics, and other 
describe fully and clearly the phenomena a — & paramagnetic materials, is in the magnetic 
fg. Co. 


occurring while iron is being magnetized. 
From the magnetic point of view, all 

substances can be grouped into two classes. 

In the first, the paramagnetic materials (such as aluminum, 


| calcium, platinum, tungsten), the atoms of the substance 


have a permanent magnetic moment; 1.e., each atom even 
in the absence of an external field is a tiny magnet. The 
substances of this class all have nearly the same magnetic 
moment per atom, several atomic units of magnetism. 
Fach atom is a miniature solar system in which free elec- 
trons revolve around a heavy nucleus of protons and neu- 
trons. In addition to revolving about the nucleus, each free 
electron is also believed to spin about its axis, thereby pro- 
ducing a magnetic moment corresponding to the atomic unit 
of magnetism. The magnetic moment of the whole atom 
depends, of course, on the number of unpaired electrons in 
the orbits surrounding the nucleus. 

When a paramagnetic substance is placed in a magnetic 
field, the atomic magnets tend to line up in the direction of 
the field against the disorienting effect of the random ther- 
mal vibration of the atoms. Most of these substances have 
a permeability (ratio of magnetic induction to magnetizing 
force) of the order 1.001, and are only weakly magnetized 
in the ordinary magnetic fields encountered in practice. 
The reason for this is that the disorienting effect of the 
thermal agitation, at room temperature, is far larger than 
the orienting effect of the applied field. 

In the second class of substances, the atoms have no 
magnetic moment in the absence of an external magnetic 
field. These are diamagnetic materials (such as silver, gold, 
zinc, bismuth), and have permeabilities less than unity, 
but by an amount so small that very sensitive apparatus is 
Tequired to detect the difference. For example, the per- 
meability of pure copper, which is diamagnetic, is 0.999999. 
For all practical purposes, all diamagnetic and most para- 
magnetic substances are usually designated “‘non-magnetic” 
due to the fact that their constant of permeability is 
nearly unity, within one part, or less, in 10 000. 
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properties and is well known. As shown in 





Fig. 1.—The author discusses a ferromagnetic material mag- 
netization curve; the induction B plotted vertically, the magnetizing 
field H plotted horizontally. A number of magnetization 
principles, discussed in the text, are indicated on the curve. 


Fig. 1, it is possible to induce high flux densities in iron. 
These flux densities are much higher than those in most 
paramagnetic materials—about 1000 times as high. The 
reason for this difference is that in the ferromagnetics there 
is a strong interaction between the individual atoms of the 
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solid tending to line up neighboring atoms so that the 
atomic magnets are parallel, while in the paramagnetics 
there is no such interaction. 

Ferromagnetic atomic interaction is so great, even without 
an external field, that a comparable magnetization intensity 
of the same magnitude in a paramagnetic metal could only 
be achieved by means of an external field of some 10 million 
oersteds. Such intense fields have never yet been attained 
by laboratory or commercial apparatus. (The oersted is the 
unit of magnetic field strength, equal to 1/0.4 7 ampere 
turns per.centimeter. The earth’s magnetic field is about 





Fig. 2.—(a) A single iron 
crystal which is entirely satu- 
rated because of the atomic 
interactions that tend to make 
each atom parallel to its 
neighbor. A demagnetizing 
field opposite in direction to 
that of the magnetization is 
produced. (b) Crystal di- 
vided into small magnetic do- 
mains so arranged that the 
sample as a whole is demag- 

: netized, with no resulting ex- 
(b) ternal demagnetizing field. 
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one oersted; the exciting field in a transformer about ten 
oersteds, and the field in the air gap of a generator is about 
10 000 oersteds.) 

One feature of our picture of a piece of iron is, therefore, 
that nearly every atomic magnet is parallel to its neighbors, 
because of the interaction between neighboring atoms, even 
in the absence of an external field. This view, that ferromag- 
netic materials are spontaneously magnetized, is essential to 
our understanding of the behavior of a piece of iron in a 
magnetic field, and was first set forth by Weiss." 

If all the atomic magnets are parallel without an external 
field, how is it possible to obtain a demagnetized piece of 
iron? Weiss provided the answer to this question, too, by 
explaining that each piece of iron is divided into minute 
‘domains of spontaneous magnetization.” In each domain 
the atoms are all parallel, so that each domain is saturated; 
i.e., within each domain the ferric induction (Fig. 1) is equal 
to its saturation value of about 20 000 gausses. The direction 
of the induction varies from one domain to another in such 
a manner that the induction of the specimen as a whole is 
zero, and the specimen is therefore demagnetized. In other 
words, whereas in each domain all—or most all—the atoms 
are oriented, the domains themselves are disposed at ran- 
dom, giving zero net magnetization. 

The size and shape of these domains depend to some ex- 
tent on the size and shape of the specimen, and on the 
nature of the material, but in a general way the dimensions 
of the domains are of the order one-tenth to one-thousandth 
cm, each containing about 10” (a million billions) atoms. 
The domains exist as a result of a balance between two 
opposing types of forces. Consider a cylindrical single 
crystal of iron, such as is shown in Fig. 2a. The atomic in- 
teractions tend to make all the atoms parallel to each other. 
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Were this tendency satisfied, the bar would be saturated and : 


magnetized in the direction shown. The magnetic poles at Mi: 
the end faces of the crystal would give rise to a demagnetizing 94 
field in opposite direction to that in the crystal. This field #P™ 
would tend to reverse the atomic magnets. However, 
another force opposing the magnetization in the crystal is 
the thermal agitation tending to orient the atomic magnets 
in all directions. As a result, to preserve equilibrium, the ! 
crystal becomes divided into small regions, Fig. 2b. Each Hof 
region contains a large number of atomic magnets oriented in “ 
one direction, and is therefore magnetized to saturation. But 
adjacent regions are not magnetized in the same directions, 
and the net result is that the crystal, or the whole piece | 
of iron of which the crystal is but a part, is demagnetized. [ 
The existence of these domains has been proved by many [ 
experimenters, the first direct visual evidence having been 
by Bitter®. If a properly prepared colloidal suspension of §40 
iron oxide is placed on the polished surface of a ferromag. sib 
netic material, and the surface examined under the micro- /}¥ 
scope, patterns such as those of Fig. 3 are observed. 7 
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The Magnetic Structure of Iron ( 
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All metals are crystalline, which means that their atoms 
are regularly distributed on the points of a space lattice. 9™ 
For iron crystals this lattice is a series of cubes each 2.86 x | gra 
10-* cm (about one-hundred-millionth inch) on edge, with witl 
an iron atom at each corner and at the center of each cube. $5!" 
Since in a piece of iron such as a transformer lamination 
each crystal is perhaps one-tenth cm, it is evident that such f 
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a crystal contains an enormous number of very regularly | 
arranged iron atoms. Each crystal is divided, as we have 

seen, into many magnetic domains. The regularity of posi- [ 
tion continues from one domain to another within a single 7** 
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crystal, but the regularity of direction of atomic magnetic JE 
moment is continuous only over a domain. This situation #™4¢ 
is pictured in Fig. 2b. - 
A 

finer 
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Fig. 3— Photomicrographs of some magnetic colloid patterns on cobalt f 
prism plane, showing the effects of plus, zero, and minus external fields. §° th 
J mate 
These magnetic colloid patterns are on a cobalt mes em endicular | of 
to the basal plane, magnification being approximately 65X. The bands } 
are indicative of regions of magnetic discontinuity, known as the Weiss dom: 
domains. ‘B” shows bands or domains approximately parallel to the favor 
hexagonal axis with zero applied magnetic field. “A” shows bands wit 
plus or outward normal magnetic field. This section demonstrates the cryst 
growth of a domain at the expense of the adjacent less favorably oH, wk 
ented domains as is shown also in Fig: 4b. “*C” shows bands with neg " 
ia 









tive or inward normal field and exhibits the typical reciprocal relatio” 
with “A”, the reversal of the field causing the bands which suffere haus 
through encroachment of more favorably oriented domains in “A's * 
enlarge themselves by similar meenonen Sons because of their more han; 
favorable orientation in “C”. Photomicrographs — the courtesy proce 
of W. C. Elmore,’ Swarthmore College, Swarthmore, ennsylvania. 
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a) Two grains, each one divided into idealized 
and Square magnetic domains whose magnetism is in the 
s at Y Hirection indicated by the arrow. As there is an 
equal number of domains in each direction, the 
rains as a Whole are demagnetized. (b) The two 
field brains are now subjected to a small positive field, 
ver, [which causes a slight domain boundary displace- 
ent. Domains favorably oriented with regard to 
he field are enlarged and those unfavorably dis- 
ets posed are made proportionately smaller. (c) Two 
the grains showing completion of reversals of magnetism 
‘ach (of individual domains and each crystal in effect a 
dj single domain with magnetic saturation along the 
‘GM | ubic axis making the smallest angle with the applied 
But @field. (d) Saturation magnetization in each crystal 
swings gradually from the cubic axis of the crystal 
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. [toward the axis of the applied field, when the 

oa applied magnetizing field intensity is sufficiently large. 

zed. fF 

any ff : 

‘een | In iron these domains are not randomly oriented, for each 


, of @domain is magnetized to saturation along one of the six pos- 
sible directions parallel to the cube edge of the crystal in 


nag- 
cro. |;Which the domain is situated. 
How Iron Behaves During the Magnetizing Cycle 
Our picture of a piece of demagnetized iron is therefore 
oms @the following: Crystal grains about one-tenth cm in size are 


more or less randomly oriented in the iron. Within each 
26 x [agrain, many saturated domains of magnetization are present, 
with the direction of magnetization of any one domain re- 
[stricted to one of the cube-edge directions in that crystal. 
There is an equal number of domains in each direction, so 
that each crystal shows no net magnetization, and the speci- 
ymen as a whole is demagnetized. This condition is shown 
schematically in Fig. 4a, where two grains are shown, each 
divided into idealized square magnetic domains. The cubic 
'Jaxes lie along the lines in each crystal, and each domain is 
ymagnetized in the direction indicated by the arrows. This 

material is demagnetized, in the state given by the point O 

jon the magnetization curve of Fig. 1. 
} Asmall positive field is now applied, and the magnetization 
jincreases along OA in Fig. 1. This initial increase in mag- 
}netization occurs by a process of domain-boundary displace- 
ment. This is shown in Fig. 4b. Domain 1 in the upper crys- 
tal, for example, grows at the expense of its neighboring 
domains by shifting its boundaries to the position of the 
dotted lines. By this process, all the domains that are favor- 
ably oriented with respect to H, i.e., magnetized at a smaller 
angle with the applied field, grow at the expense of their less 
favorably oriented neighbors. This process is a nearly re- 
versible one, and if the field is removed, most of the domain 
boundaries return to their original positions. 

If the applied field is increased, and becomes of the order 
of the coercive force H,, which in well-annealed, high-purity 
jan materials may be only a fraction of an oersted, a new process 
‘ands Jf Magnetization comes into play. The boundary between 
«* domains shifts suddenly so as to wipe out entirely an un- 
vith }!2vorably oriented domain, such as domain 2 in the upper 
‘ = crystal of Fig. 4b. This sudden shift of domain boundaries, 
nega: eo which entire domains change their direction of magnetiza- 
mt from one cubic axis to another, is known as the Bark- 
» tompausen effect. Bozorth* has shown that practically all the 
morel@change in induction from A to B in Fig. 1 occurs by this 


rtesy : ; . 
nia. eTOCess of domain-boundary shifts. Because these changes in 
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Fig. 4—Grains showing effect of applying a magnetic field as shown in Fig. I. 
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induction occur rapidly, in about one ten-thousandth sec- 
ond, local eddy currents are induced in the neighborhood of 
each domain, and these dissipate energy. This energy is sup- 
plied from the power source that provides the current to 
magnetize the specimen, and is dissipated as heat in the iron. 
This part of the magnetization curve is not reversible; if the 
field is reduced, the portion BA is not retraced. 


Coercive Force Determines Losses 


The magnitude of the field, H,, at which these processes 
occur, is of great practical importance for the coercive force 
determines to a large extent the amount of energy dissipated 
as hysteresis in a cycle of magnetization. Detailed experi- 
ments on the energy dissipation during various parts of the 
cycle show that almost all the energy is lost on the steep part 
of the magnetization curve. It therefore appears quite prob- 
able that the loss is a result of these discontinuous boundary 
motions. Extensive investigations by Yensen®> have shown 
that the magnitude of hysteresis loss depends primarily on 
the impurities present in the material and on the internal 
strains in the structure of the specimen. 

The position at which a domain boundary is situated is 
determined by the manner in which random internal stresses 
vary from point to point within a crystal. The ease with 
which such a boundary can be made to move; i.e., the field 
required to cause a sudden boundary shift giving rise to a 
Barkhausen jump in magnetization, depends on the internal 
stresses in the interior of a grain. If there are many impuri- 
ties, or if there are internal stresses as a result of plastic 
deformation, these distort the lattice of the crystal and make 
the boundary between domains difficult to move; i.e., act as a 
sort of domain friction. As these impurities are removed, and 
as random internal strains are relieved by annealing, 
thereby lessening lattice distortion, the field H, required 
to make a boundary move becomes smaller, and as the 
coercive force decreases the hysteresis loss decreases. 


Significance of Mechanical Strains 


At this point it is appropriate to ask, ‘‘What is the correla- 
tion between mechanical strains and magnetic properties?” 
To answer this it is necessary to consider another magnetic 
phenomenon, magnetostriction. A piece of iron on being 
magnetized becomes longer by a very small amount, the 
longitudinal strain being about one part in one hundred 
thousand. Look again at Fig. 4b, and assume first that the 
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material has no internal strains other than those caused by 
magnetostriction; i.e., that it is of high purity and has been 
properly annealed. Because of magnetostriction, domain 1 
which is magnetized to the right is longer by one part in a 
hundred thousand in that direction. In order for the mag- 
netization in domain 2 to change suddenly to that of domain 
1, it is obviously necessary for the magnetic field to perform 
useful work against the elastic force caused by magnetostric- 
tion. The field strength necessary to perform this work in 
pure iron was found—both by calculation and experiment— 
to be approximately 0.04 oersted. Since the internal strain 
due to impurities or cold work may be of the order of the 
elastic limit, a strain of Al/1=10-%, the coercive force in 
such a case can be hundreds of times larger than it is in pure, 
well-annealed iron. 

In most magnetic materials these discontinuous reversals 





Fig. 5—A transformer core cut from a single crystal. These 
crystals are “grown” by Dr. Siegel in an especially designed 
furnace and are an alloy of iron and aluminum. From the study 
of the properties of such single crystal cores, noteworthy advances 
in magnetic application technique have been recently achieved. 


of magnetization of individual domains are completed in 
fields of the order of several oersteds. The situation is now 
that depicted in Fig. 4c. Each crystal is in effect a single 
domain magnetized to saturation along that cubic axis mak- 
ing the smallest angle with the direction of the applied 
field H. While each grain is now saturated, the specimen as a 
whole has only the magnetization corresponding to the 
point B in Fig. 1, because crystals themselves are randomly 
oriented and contribute only the component of the satura- 
tion magnetization parallel to H. The amount of induction at 
the point B is determined primarily by the orientation of the 
crystal grains in the specimen. The two grains of Fig. 4d are 
randomly oriented. The component of B along H in the upper 
grain is about 90 per cent of saturation; in the lower grain it 
is 75 per cent of saturation. Such a material therefore has a 
lower permeability in fields of the order 10 oersteds than one 
in which the grains are oriented with a cubic axis along H. In 
the latter case each grain contributes its full saturation mag- 
netization to the component of B along H. This property of 
iron, that the cubic axis is a direction of easy magnetization, 
is the basis for the higher permeability of the new magnetic 
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material Hipersil, in which nearly all the grains are oriented, 








with a cubic axis along the direction in which the flux | 
traverses the material. 

If the flux is further increased, up to several hundred 
oersteds, the portion BC of the magnetization curve is fol- 
lowed. This rather slow approach to saturation at Cis achieved 
by a process in which the direction of magnetization in each | 
crystal rotates gradually from the direction of the cube edge | 
to that of H. This process is shown in Fig. 4d, and at its com. 
pletion the entire specimen is saturated. This rotation process 
is nearly reversible, and is accompanied by little dissipation } 
of energy. 

In following the magnetization curve from the demagnet- 
ized state at D, we have encountered three magnetization 
processes: first, the boundary displacement in fields less than 
the coercive force; second, the Barkhausen process in which 
entire domains suddenly change their directions of magnet- 
ization in fields of intensity approximating that of the co- 
ercive force; and, third, the slow, reversible rotation of the 
magnetization of entire crystals in relatively large fields until 
saturation is attained at the point C of Fig. 1. In a cycle of f 
magnetization, such as occurs in an electrical machine, only 
the last two processes are constantly repeated; the first takes 
place only once. Thus in going from C to E we have mainly 
reversible rotations, in going from FE to F almost entirely 
discontinuous jumps of the Barkhausen type, and from F to 
G again reversible rotations. The remainder of the cycle is of | 
course identical with the portion CDEFG. 
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Summary 


In the demagnetized state, each crystal is divided into a | 
large number of domains, each magnetically saturated along 
one of the cubic axes of the crystal. The saturation magneti- 
zation in each domain is determined entirely by the atomic | 
properties of iron, and cannot be changed except by adding 
alloying elements to iron. When the field reaches the co- 
ercive force, favorably oriented domains grow at the expense 
of less favorably oriented domains. The magnitude of the 
coercive force depends on random internal stresses because 
of impurities or cold work, and can be greatly reduced by 
purification and strain-relief annealing. The final process con- 
sists of a slow approach to saturation through the rotation of 
the direction of magnetization in each grain from that of a 
cubic axis to that of the field. The magnetic induction at 
which this process begins depends primarily on the orienta 
tion of the grains, and can be controlled by special rolling 
and heat treatments, yielding a material such as Hipersil 
with pronounced grain orientation. 
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The direct-current motor has long survived many who predicted that 
the alternating-current motor would drive it out of existence. More 
direct-current motors are being built today than ever. The alternating- 
current system, for all its simplicity and inherent advantages, has 
never been able to produce a drive with such readily adjustable speed 
over wide ranges. The popularity of adjustable-speed, direct-current 
drive is growing because the versatility of the basic variable-voltage 
system has been greatly increased by important new variations. 
Some drives are simple but have limitations; other variations, 


more complex, make possible speed ranges as great as 120 to one. 


se direct-current motor is unequaled for 
flexibility of speed control. The motor by 


Adjustable-Speed D-C Drives 


G. A. CALDWELL 


Sidiene tiie 
itself, with control only of the shunt-field ex- Westinghouse Electric & controlled by varying the voltage of 
citation, can provide speeds over a range of Mfg. Company the generator through adjustment 


about four to one. But it was with the introduc- 
tion of the Ward Leonard system that the possi- 
bilities of exact speed control of direct-current motors over a 


| wide range were realized. By this scheme a wide speed range 


is obtained by varying the voltage to the motor armature, 
which gave rise to the common designation variable-voltage 
control or adjustable-voltage control.* 


The Adjustable-Voltage System Is the Basic Scheme 


The conventional adjustable-voltage drive, shown in Fig. 1, 
consists basically of a main direct-current driving motor and 
an adjustable-voltage, direct-current power supply for it. 
Generally the motor is a standard shunt-wound d-c machine. 
Because the power is most often supplied by alternating- 
current lines the adjustable voltage is developed by a motor- 
generator set consisting of a squirrel-cage induction motor 
and a standard shunt- or compound-wound d-c generator. 
A separate d-c source of excitation is used for both the gen- 
erator and the motor, usually from an exciter on the motor- 
generator set. However, excitation can be supplied by any 
rectifying device that supplies constant-voltage direct cur- 
tent. The m-g set runs at constant speed. Motor speed is 


*The term adjustable voltage is really more descriptive of the system 
and efforts are being made by standardizing groups to adopt this term 
generally. Further reference to this system will be by the term adjust- 
able voltage rather than the old term of variable voltage. 
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Fig. 1—Diagram of the conventional adjustable-voltage drive. 
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of the generator excitation. For 

continuous operation, the speed 
range obtained by voltage control should seldom exceed ten 
to one, although for inching or starting purposes the voltage 
can be reduced so that it will start the motor with a minimum 
of current, or turn it slowly for machine adjustments. At low 
speeds, the speed regulation becomes poor and the drive has 
a tendency to stall on overloads. An additional speed range 
of four to one can be introduced by variation of the field 
strength on the motor (the armature voltage being held con- 
stant) so that the total speed range can be as high as forty to 
one. Thus, for example, motor speeds of from 60 to 600 
rpm can be obtained by armature voltage control, and from 
600 to 2400 by motor-field control. 

The conventional adjustable-voltage drive was originally 
developed and used for large electrical equipment, of several 
hundred or several thousand horsepower, where it was im- 
practical to open the main armature circuits of the large 
motor equipment. The flexibility of this system, the speed 
range obtainable, and the ability to-use alternating-current 
power have caused it to be gradually extended to smaller 
motors. It is now used for motors as small as one horse- 
power and even fractional horsepower in some cases. In 
these small sizes the control equipment and the exciter, being 
almost independent of the size of the motor and generator, 
are an inordinate proportion of the total cost of the drive, 
whereas on the large equipment the exciter and control are a 
small percentage of the cost. To make the scheme economical 
for motors of but a few horsepower, attempts have been made 
to simplify the control equipment and to eliminate the exciter 
yet retain most of the attractive features of the basic scheme. 
This has now been successfully accomplished. 


Series Variable-Voltage Drive Is Simplest 


The series variable-voltage drive is the simplest yet de- 
veloped. As shown in Fig. 2, the only control equipment 
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The author standing beside a Rototrol- 
controlled planer motor-generator set. 











. With its soft start and controlled drift 
stop, the series variable-voltage drive is excellent 
de pit, sh a ARE EE OTE 








consists of a linestarter with its start-and-stop 

























pushbutton for the m-g set and a speed-adjusting 
a rheostat. The exciter is eliminated by using a 
series-wound d-c motor and generator and the 
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control circuits are operated from the a-c lines. 

An arrangement in which the series motor 
and series generator are connected in series results, idealis- 
tically, in the characteristic speed-load curve shown in Fig. 3. 
The actual results with practical machines are shown in 
Fig. 4. The top curve shows the speed-torque characteristic 
with motor and generator both operating at full field. By 
shunting the generator field, the family of speed-torque 
curves shown is obtained. Those for low speeds are prac- 
tically flat except for a rather abrupt increase in speed at 
light load. The speed regulation of the drive, based on the 
difference between actual full-load and no-load speeds, is 
rather high. However, for all practical purposes on most 
drives, the speed regulation is good because there is sufficient 
friction in the load so that the actual increase in speed at 
no load is never obtained. 

This drive possesses the characteristic of high starting 
torque inherent in a series motor. With the rheostat set for 
one-tenth maximum speed, the drive can exert a starting 
torque of five to six times full-load torque. Therefore it is not 
necessary to apply a motor larger than otherwise required 
just to obtain the required starting torque. 

While the drive is normally used for a ten-to-one speed 
range, continuously, the drive can be operated as low as 
one-twentieth maximum speed and still provide good speed 
characteristics, as shown by the bottom curve. This low 
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. . . Having excellent speed regulation 
and range, Rototrol control is ideal for 
machine-tool feed, hoists, etc........... 


Hh 


———— 
— [in 
e @ 
@ ) 






speed can be used for short periods for 
threading or inching operations, but 
continuous operation of the standard 
designs at these low speeds will cause 
an excessive temperature rise as a result 
of the decreased ventilation. 

In its simplest form, as shown in Fig. 2(a), the drive is 
brought up to speed from standstill by starting the m-g set. 
As the m-g set accelerates the series generator builds up its 
voltage, and increases the torque of the d-c driving motor 
gradually, which gives a soft start. Stopping the m-g set 
allows the drive to drift to a stop. This is satisfactory for 
many applications and actually desirable on others. 

Quick stopping can be secured by dynamic braking, by 
either of the two methods of Fig. 2(b) and (c). 

When frequent starting of the motor or accurate inching 
is desired, it is generally preferable to let the m-g set run 
continuously as this relieves the a-c line of the starting peaks, 

















and much more accurate inching of the motor is possible. [ 


The motor may be automatically accelerated to a preset 
speed by contactors in a conventional manner or manually 
accelerated by the speed control rheostat, which must always 
be returned, however, to the low-speed position to close the 
starting contactor. 


Inching, slowdown, reversing, and other control features | 
can be obtained by adding the necessary control equipment. | 


Regenerative braking is not possible with this type of drive. 
Returning the rheostat from high- to low-speed position 
merely allows the drive to coast to the low speed. 

In some cases, two or more motors can be used with a 
single generator. On a conveyor where it 
is desirable to have power input at several 
points, all the motors can be connected 
in series across one generator. The mo- 
tors are mechanically connected through 
the conveyor and will equally divide the 
load. Also, a generator can be made to 
serve different motors alternately, pro- 
vided the current and voltage rating of 
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Fig. 2—The basic series variable-voltage drive and dynamic braking schemes. 


(a) The basic series variable-voltage drive incorporates no dynamic braking, the motor coasting 


to a stop when the power to the a-c motor is disconnected. 


(b) Dynamic braking can be obtained by reversing the field of the series motor. The motor is 
disconnected from the generator, the motor series fields reversed and connected across the 
motor armature with a resistor in series. This self-energizing type of dynamic braking is effective 
down to about one-sixth full-field speed. At this point only one thirty-sixth of the original energy 
remains and a load with any appreciable amount of friction will stop quickly from that point. 
This scheme is used on the smaller drives, because of lack of space for the braking field, and 
8, prom two 2-pole magnetic contactors or a single contactor with two normally open circuits 
an 


two normally closed circuits. 


(c) Braking of the series variable-voltage drive can be obtained by the addition of separate brak- 
ing field on the series motor. The motor is disconnected from the generator and the braking field 
connected across the motor-armature terminals. This scheme is used on the larger units where 
there is sufficient room in the motor to include the additional field and results in a simpler 
scheme of control. Usually, when the motor is stopped by dynamic braking, the m-g set is also 
stopped. The motor and m-g set are then started together except with small units or when the 
starting load is light, because of the excessive currents that would be drawn if the series motor 


were started across the full generator voltage. 
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the series motor match those of the series 
generator to give satisfactory speed reg: 
ulation at all loads. 

The generator rheostat is the chief fac- 
tor limiting the size of equipment that 
can be built economically. Because the 
rheostat is connected in parallel with the 
generator series field and must shunt up 
to 95 per cent of the current from that 
field at the low operating speeds, the rheo- 
stat must consequently have a low resist- 
ance and should be mounted reasonably 
close to the m-g set. When such a post 
tion is inconvenient, the wiring can be 0! 
arranged that the lead resistance is 10 
the generator field portion of the circull| 
instead of in the rheostat circuit. 


(c) 
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TABLE 1—COMPARISON OF WIDE SPEED RANGE DIRECT-CURRENT DRIVES 


































Order of Speed Range oe a Braking 
rder o pprox. Pee 
Type of Speed Practical | Exciter Typical Applications es 
— Sim- Cie Voltage | Field Total Regulation} HP Range Dynam.- | Regener- Bi asi aa 
plicity t | Control | Control | *°' ic ative 
stan Conveyors, machine- Yes No Constant-torque loads 
Adjustable Up to None tool feeds, and other High starting torque 
Voltage 1 is 10/1 0 10/1 4 15 HP constant-torque loads 
-Excited Up to Constant-horsepower 
ecashie 2 2 3/1 4/1 12/1 4 15 HP None Machine-tool spindle Yes Yes loads 
Voltage drives Fluctuating loads 
Conventional Yes Hoists, steel reversing Drives where several units 
Adjustable 3 3 10/1 4/1 40/1 2 Any (Rotating | mills, strip steel rolling Yes Yes operate in tandem carrying 
Voltage Size or Rec- mills, steel processing a continuous flow of mate- 
(Ward-Leonard) tifier) lines, sectional paper rial from one position to 
machine drives, textile another and where various 
and rubber conveying sized motors must acceler- 
systems ate, run at various speeds, 
and decelerate as a unit 
Electronic Up to Electronic Absence of m-g set elimi- 
Adjustable 4 4 10/1 4/1 40/1 3 5 HP Rectifier Machine-tool grinders Yes No nates vibration and 
Voltage mounting 
Wide Speed Any Yes Plus Reversing drives Excellent speed regulation 
Range Adjust- 5 5 60/1 2/1 120/1 1 Size Rototrol Machine-tool feed drives Yes Yes over extreme speed range 
able Voltage Generator | Blast-furnace skip hoists Rapid reversing drives. 
(Rototrol) Planers, Elevators 























Self-Excited Shunt Adjustable-Voltage Drive 

A second form of simplified adjustable-voltage drive in 
which the exciter has been eliminated is the self-excited 
shunt adjustable-voltage drive in which the generator and 
motor have shunt instead of series fields. Connections are 
shown in Fig. 5. 

The generator in this self-excited system departs from the 
conventional design in that it must be stable at a materially 
reduced voltage when operating self-excited. By stable is 
meant that the generator will repeat and hold its voltage 
with a reasonable degree of accuracy. An ordinary self- 
excited generator when controlled by a rheostat of the usual 
design is stable down to approximately 60 per cent of rated 
voltage at no load. This allows operation over an adjustable- 
voltage range of slightly less than two to one, insufficient for 
most applications. To obtain additional range by voltage con- 
trol, the generator is designed to saturate at a lower voltage 
and stable operation can be obtained over a range of at 
least three to one. 

The motor differs from standard only in that its shunt 
field provides full excitation with only one-third rated volt- 
age of the machine applied to the field if the voltage range 
of the system is to be three to one. If the motor is designed 
for a four-to-one range through the use of field control, 


Fig. 3—The idealistic speed characteristic of 
@ series motor connected in series with a series 
generator. The series-generator voltage load 
characteristic is shown by curve b, whereas 
the series motor characteristic is the inverse 
curve a. When the two machines are operated 
in series, the resultant voltage characteristic is 
the sum of the two, or curve c. Therefore, the 
low voltage of the series generator at light 
load limits the inherently high no-load speed 
of the series motor; and the high voltage of the 
series generator at heavy loads increases the 
speed of the series motor at these heavy loads. 


Speed-Rpm or Volts—Per Cent 


F ig. 4—Actual speed-regulation curves ob- 
tained with the series variable-voltage drive. 
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then the total range of this drive will be twelve to one. 

Speed control of this drive is obtained by two rheostats, 
one in each shunt-field circuit. They are mechanically con- 
nected so that as one is cut into its circuit the other is cut 
out. In the low-speed position, the motor is at full field and 
the generator at weak field. As resistance is removed from the 
generator field to raise the generator voltage, the resistance 
in series with the motor field is increased and at a rate to 
maintain full-field motor current. The generator reaches full 
voltage at about 180° rotation of the rheostat. Further rota- 
tion weakens the motor field to obtain higher speeds and 
does not affect the generator voltage. Because the motor is 
designed for full-field excitation at one-third normal voltage, 
the rheostat losses are approximately three times those nor- 
mally obtained on a shunt-wound d-c motor. The result is a 
somewhat decreased efficiency and also an increase in the 
cost of the rheostat itself. 

Inasmuch as the self-excited adjustable-voltage drive uses 
machines practically duplicates of those used in the con- 
ventional adjustable-voltage drive, its performance is essen- 
tially the same. Typical regulation curves are shown in Fig. 6. 
Its starting or break-away torque at low speeds is entirely 
comparable to that obtained with the conventional ad- 
justable-voltage system. 


Speed—Per Cent 





Full-Load Torque—Per Cent 











. Where rapid reversals or tandem operation 
in unison of dissimilar units is required, use 
the conventional adjustable-voltage drive... . . 


Because part of the speed range of this drive 
is obtained by shunt-field control of the motor, 
thereis constant horsepower over that portion of 
the range, and constant torque over the por- 
tion of the range obtained by voltage control. 
It is, therefore, particularly suited to those 
loads that have a tendency to require high continuous run- 
ning torques at low speeds. 

A self-excited shunt generator does not build up voltage 
quickly, hence the m-g set is allowed to run continuously, 
and the motor started and stopped by closing the main-line 
contactor between the motor and the generator. A field relay 
insures that when the line contactor is open the motor is at 
full field, and the generator at minimum field, which gives 
about one-third of normal generator voltage. When the line 
contactor closes, the field relay operates to increase the 
generator field and weaken the motor field to the position 
determined by the setting of the rheostat. This causes the 
motor to accelerate to its preset speed. 

The motor and generator fields are excited from the gen- 
erator, so that the motor field is excited in the off position. 
Therefore, dynamic braking can be obtained in the conven- 
tional manner by a dynamic-braking resistor connected 
across the armature. Motor reversing can also be obtained by 
using a pair of reversing contactors. The normal control fea- 
tures such as inching, slowdown, etc., can be obtained in 
much the same manner as on conventional adjustable-voltage 
control. In these respects it is more flexible than the series 
variable voltage. It is also more satisfactory on pulsating and 
reversing types of loads than the series variable-voltage drive. 


Adjustable-Voltage Drive with Excitation 


Although a speed range of ten to one by voltage control 
was indicated as a maximum for the conventional adjustable- 
voltage drive, wider ranges are employed satisfactorily for 


D-C Shunt 
Generator 
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Base Speed—Per Cent 


Fig. 5—This basic circuit diagram shows the 
self-excited adjustable-voltage drive provided 
with dynamic braking and full-field starting. 


Fig. 6—A family of speed-regulation curves 
of the d-c self-excited adjustable-voltage drive. 
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certain operating conditions. Following is such a case in 
which a speed range of 25 to one was obtained by voltage 
control and the excitation was supplied by a copper-oxide 
rectifier or Rectox instead of the usual exciter. The use of a 
Rectox permits, in some cases, a better or more compact 
arrangement of the apparatus, and may also simplify the 
control equipment, as shown in Fig. 7. 

The motor shunt field operates at full-field strength at all 
times while the entire speed range is obtained by generator 
voltage control. The generator has three field windings; the 
main, which controls the output voltage and motor speed, a 
differential shunt, and a series winding. The differential field 
reduces the generator output voltage, even by bucking the 
residual voltage if necessary, to low values without using an 
excessive amount of resistance in the main generator-field 
rheostats, while the series field gives an excitation propor- 
tional to load and compensates for the JR drop of the system 
to give good speed regulation at all speeds. A selector switch 
and a group of duplicate rheostats are arranged so the re- 
sistors can be successively inserted in series with the gener- 
ator main shunt field to provide preset speeds for specific 
machine operations. 

This combination makes a drive that runs only in one 
direction and operates over a speed range of 25 to one or 
more by voltage control alone, and which can be arranged to 
give automatically a number of predetermined desired speeds 
as the machine goes through its automatic cycle. The equip- 
ment consists of the conventional shunt-wound d-c motor, a 
standard unit frame m-g set, the generator having one addi- 
tional field over that of a standard compound-wound gener- 
ator, a standard linestarter for the m-g set, and an operator's 
panel on which are mounted the necessary rheostats. No 
magnetic control equipment except the linestarter for the 
m-g set is required. This scheme shows what can be done 
with simple electrical equipment to give an operation that is 
complicated to obtain mechanically. 

This scheme is adequate for obtaining a speed range by 
voltage control of twenty-five to one when the load is always 
fairly constant for a given speed. On applications requiring 
rapid reversing and good 
speed regulation at all 
speeds with widely varying 
loads, additional apparatus 
is required. 


Adjustable-Voltage 
Drive with the Rototrol 


The drive by which the 
greatest range in speed 1s 
obtainable is the conven 
tional adjustable-voltage 
control, with the addition 
of the Rototrol unit. 

Any d-c adjustable-volt- 
age scheme operating OVE | 
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speed that are unimportant at high speed. The two most im- 
portant factors are the residual voltage of the generator and 
the IR drop of the system. These can be compensated by the 
use of the Rototrol which is a small rotating generator with 
special field windings.* 

Most commercial generators have a residual voltage of 
between three and four per cent of their normal operating 
voltage. When a motor is driven by such a generator the 
no-load speed, with adjustable-voltage control, is limited to a 
range of about twenty-five to one. This is because the residual 
voltage will not allow any lower generator voltage even with 
no excitation from an external source. For wide speed ranges, 
it is necessary to make some arrangement to overcome this 
residual voltage. Also, because the magnitude of the residual 
is a function of the previous magnetic history of the gener- 
ator, it is necessary that whatever scheme is used to overcome 
the residual must incorporate accurate determination of 
the actual residual voltage magnitude. 

The speed of a d-c motor normally drops as the load is 
applied because of the JR drop of the system. If the drive 
must run at constant speed regardless of the load, the speed- 
torque characteristics of the motor must be practically flat. 
Some arrangement must be made to increase the applied 
voltage of the generator by the amount of the JR drop as load 
is applied. A Rototrol compensates for the JR drop effectively 
and has been widely applied. 

The basic circuit, when applied to regulating for a constant 
speed, is shown in Fig. 8. The main generator field is con- 
nected in a special bridge circuit with the resistances of the 
field and the separate resistors selected so that with zero 
voltage on the Rototrol armature no difference in potential 
exists between the points where the Rototrol armature is 
connected. At no load, the Rototrol shunt pilot field con- 
nected across the terminals of the d-c shunt motor just bal- 
ances the Rototrol self-energizing fields so that zero excitation 
and output of the Rototrol armature results. The Rototrol 
shunt pilot field and series pilot fields are proportioned so 


*The Rototrol scheme is described in detail in an article ‘Wide Speed 


Control with the Rototrol” by W. H. Formhals, Westinghouse ENGI- 


EER, May, 1942, p. 51. 


Fig. 7—By the addition of small duplicate resistors to the basic adjust- 
able-voltage drive, many different speed points can be obtained over a 
widely varying load cycle, thus enhancing the flexibility of the drive. 


Also, this diagram shows how excitation can be obtained from a 
copper-oxide rectifier instead of a rotating exciter. By adjusting each 
of these resistors to some different point, a different speed is obtained 
for each point of the selector switch. Each resistor has sufficient 
resistance to give the entire speed range of the motor. The selector 
switch is mechanically connected to the machine and as the machine 
changes from one operation to the other, the selector switch is 
mechanically rotated to the next point. The range by voltage control 
—twenty-five to one—is greater than normally considered possible, 
but it can be accomplished in this case because there is practically 
no variation in load at a given speed. The load is almost directly 
proportional to speed, and the size of the equipment liberal for han- 
dling the actual load involved. The main point of this drive is that 
the motor always runs at approximately the same speed on a given 
point on the selector switch as the automatic cycle is repeated. The 
machine is able to go through its complete cycle for hours at a time 
without attention. The speed at any given point repeats itself with 
less than five per cent plus or minus variation from any preset figure. 


that for any load condition the net ampere-turns are propor- 
tional to the counter emf of the motor. When an increase in 
motor load results in an increase in armature current, the 
ampere-turns in the Rototrol series pilot field increase. Fur- 
thermore, a reduction in the main generator voltage under 
load serves to decrease the ampere-turns in the Rototrol 
shunt pilot field, giving a net reduction in excitation. As a 
result of these interactions, the Rototrol generates a voltage 
and circulates current through the Rototrol self-energizing 
fields and supplements the excitation of the main generator 
field. The Rototrol balance is restored when the main gen- 
erator voltage increases sufficiently to restore the motor 
speed to the correct amount. The Rototrol series pilot field 
compensates the circuit for the resistance drop in the lines 
and motor armature and the Rototrol shunt pilot field 
compensates the circuit for the resistance drop as well as 
magnetizing effects that occur in the main generator arma- 
ture. This gives a drive of flat speed torque characteristic. 

The results obtainable with the Rototrol system are indi- 
cated in Fig. 9. These curves show that the change in speed 
with the application of load is negligible. There is no tend- 
ency for the motor to stall even when the speed has been 
reduced to one-sixtieth by voltage control. At light loads 
at this speed, the voltage required is less than residual voltage 
of the generator. The regulator reverses the current in the 
field of the generator to buck the voltage which gives the 
required reduced speed at no load. The current is restored 
to its original direction in order to build up the voltage 
which overcomes the JR drop as the load is increased. 

The Rototrol, used in an otherwise conventional adjust- 
able-voltage control scheme, gives a speed range 
far beyond the supposed limits of a few years 
ago without greatly complicating the electrical 
apparatus or going to laboratory type of equip- 
ment. Because practically the entire range of 
these drives is obtained by adjustable-voltage 


. . - Electronic adjustable voltage applicable on 
machine-tool grinders, etc., where low power 
permits use of electronic rectifier............ 
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Fig. 8—Connections for the drive with widest speed 
range in which a Rototrol is added to the conventional 
adjustable-voltage drive to provide stable operation at 
low voltages and also to compensate for motor IR drop. 


Fig. 9— Almost flat speed-regulation curves are obtain- 
ed with Rototrol drive over a speed range of 120 to one. 


control, they are essentially constant-torque drives and are 
particularly adapted to loads where a wide speed range at 
constant torque is required. 


Adjustable Voltage Can Be Supplied by 
Electronic Rectifier 


A fifth general classification of adjustable-voltage drive is 
one that uses an electronic rectifier for its source of power 
instead of an m-g set. Units have been in use for several 
years, and there is no doubt but that there will be further 
developments and application of this type of adjustable- 
voltage control. At present the equipment is limited in size 
to about five horsepower. The equipment is also more ex- 
pensive than the conventional adjustable-voltage control 
using a m-g set. The normal unit uses two electronic tubes 
to give single-phase full-wave rectification with power sup- 
plied to the tubes by a suitable primary transformer. In addi- 
tion to the main-circuit rectifier tubes, a set of smaller tubes 
provides direct current to the field circuit. 
This unit is not only more expensive insofar 
as the rectifying equipment is concerned, but 
to obtain a given rating from the driving 
motor a larger frame size is required than for 
conventional adjustable-voltage control. This 
is because the direct current is pulsating, even 
at full voltage, causing additional losses in the 
motor. The speed range is obtained by means 
of grid control, which makes the d-c voltage 
even more pulsating at low speed. This, in 
turn, increases motor losses and motor heating. 

This type of control equipment will probably 
have its greatest appeal where a fairly wide 
speed range is desired, but where the mount- 
ing of a motor-generator set is objec- 
tionable, either for reasons of space 
or vibration. The greatest disadvan- 
tages of this type of equipment at 
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. . - Self-excited shunt adjustable-voltage drive 
especially applicable to machine-tool spindle 
drives with fluctuating loads................ 
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present are its original cost, tube replacement, and_ the 
fact that maintenance men are not familiar with it. 


Summary 


In the matters of simplicity and cost, the series variable 
voltage drive-srates first, although the speed range and the 
speed regulation are limited in comparison with some of the 
other types of drives. It is particularly adapted to applica- 
tions involving constant torque in operation and high start- 
ing torques, but is not particularly suited for rapid fluctuating 
loads or rapid reversing loads. 

The self-excited adjustable-voltage drive rates next with 
regard to simplicity and cost and has speed regulation com- 
parable to the series variable voltage drive. While it has 
about the same speed range and the same general application, 
it can be used more readily on rapidly fluctuating loads and 
various control features are more readily applied. It is well 
adapted to drives involving high torques at low speeds. 

While the conventional adjustable-voltage 
drive is more elaborate and expensive, it pro- 
vides better speed regulation and added flexi- 
bility for combining with special control fea- 
tures. In general, this drive is applicable on 
drives involving speed ranges in excess of f 
those provided by the above simplified drives. 

The electronic adjustable-voltage drive 1 
more expensive and usually more complicated 
than the conventional adjustable-voltage drive 
and has about the same speed range, although 
the speed regulation of the simplified form is 
poor. The principal advantage is the elimina 
tion of the m-g set. 

The most elaborate and expensive of the 
drives is the wide-speed range adjust: § 
able-voltage drive whose speed, rang¢ 
and regulation are unexcelled by any 
other adjustable-voltage drive. 
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Petroleum is the life blood of the machine age. For it a new 
1261-mile arterial system stretches across the Southland from 
Louisiana to North Carolina—called into being by the rapidly 
growing needs of the region’s trucks, tractors, airplanes, and 
made critically necessary by the submarine. For the electric 
hearts needed to maintain a ceaseless flow—51 000 horsepower. 


= world’s largest pipe line for refined petroleum prod- 
ucts and a vital link in the nation’s wartime transporta- 
tion system has been placed in service. This 1261-mile line of 
the Plantation Pipe Line, from Baton Rouge, La., to Greens- 
boro, N. C., established several new records. The first full- 
length delivery through the line was made in the incredibly 
short time of 180 days after the first trench was dug. Not 
only is this the largest electrically powered pipe line, but 
electricity played a vital 
part in its rapid construc- 
tion. In one week 111 miles 
of 10- and 12-inch pipe 
were electrically welded. 
The 39 pumps in the 16 sta- 
tions are driven by explo- 
sion-resisting induction motors, some of them the largest of 
their type ever built. Furthermore, these motors have two 
horsepower ratings, one 50 per cent larger than the other, 


M. A. HYDE 
Industrial Engineer, 
Westinghouse Elec. & Mfg. Co. 


Fig. 1—The Plantation Pipe Line serves an area of 279 000 square 
miles in five southern states, or nine per cent of the United States—an 
area until now largely dependent for petroleum products upon delivery 
by water. The project is jointly sponsored by the Standard Oil Company 
of New Jersey, the Shell Union Oil Corporation, and the Standard Oil 
Company of Kentucky, and operates as a common carrier transporting a 
variety of refined petroleum products for all companies. Carrying its 
cargo at a speed of four miles per hour, the line traverses a variety of 
topography, beginning at an elevation of 46 feet above sea level, reaching a 
maximum elevation of nearly 1400 feet, and terminating at 920 feet, 
after crossing flats, hills, and valleys, and dipping under fourteen rivers. 
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More Arteries for 








either obtainable simply by changing the blower. Efficiencies 
at the two ratings are approximately the same, differing by 
only a small fraction of one per cent. 


A Pipe Line Is Operated Like a Freight Train 


Operation of a pipe line might seem to consist of the simple 
process of putting the product into one end of the line, oper- 
ating the pumps, and drawing it off at the other end. In prac- 
tice this is about as simple as operating a far-flung electric 
power system, bearing in mind that the power system de- 
livers kilowatt-hours—just plain kilowatt-hours—and does 
not have to bring red kilowatt-hours to one customer while 
200 miles away another must have blue kilowatt-hours, and a 
third one 800 miles up the line must have nothing but a 
colorless variety. 

Actually, eight different products—several grades of gaso- 
line, kerosene, Diesel fuel, etc.—must be dispatched through 
the pipe line much as railroad trains are dispatched. Receipt 
of products at Baton Rouge is scheduled weeks in advance, 
and the scheduling of shipments and deliveries over the line 
is worked out according to carefully prepared plans. Many 
times all eight products are in the line at once. Deliveries of 
these products must be made at as many as seventeen differ- 
ent points, and some of these points require separate ship- 
ments to three different marketing companies. Deliveries 


This article is based, in part, on a paper “Electrical Features of De- 
sign and Operation of the Plantation Pipe Line,” in co-authorship with 
Mr. H. B. Britton, Chief Engineer, Plantation Pipe Line, presented be- 
fore the American Institute of Electrical Engineers, Chicago, June 26, 
1942. The statements made regarding loéations, capacities, pressures, 
and horsepowers, both for present operation and future installation 
possibilities, do not necessarily represent actual conditions, but do 
indicate the general principles involved. 
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may be at one point at a time, or multiple deliveries may be 
made simultaneously at several points on the system. Con- 
sider, too, that this system is not a single straight, uniform 
pipe line, but consists of a short section of four parallel 12- 
inch lines to a storage tank farm and the initial station of the 
pipe line proper; a 12-inch section of main line to a mid-point 
at Bremen, Georgia, thence a section of 10-inch main line to 
Greensboro; also, four smaller branch lines, 8-inch and 
4-inch, one of which, in turn, is branched. 

This complex and ever-changing dispatching function 
for ihe entire line is centralized in a dispatcher’s office in 
Atlanta. All pumping stations and delivery points are con- 
nected to the dispatcher’s office by a teletype system pro- 
viding continuous recorded intercommunication. From the 
dispatcher’s office are issued all orders governing the routine 
operations of the line, including starting and stopping of 
stations and units within the stations. 

One of the critical features of multi-product line operation 
is the prevention of intermixture of different successive ship- 
ments (called “‘tenders”) as they move end-to-end through 
the line and the pumping stations. To accomplish this it is 
necessary to maintain velocity in the line higher than a 
critical minimum amount. At any lower velocities a phenom- 
enon akin to laminar flow takes place, with greatly increased 
intermixing. Obviously this places an unusual premium 
upon the reliable operation of the pumping equipment. 

At any station, the time of transition from one tender to 
the next can be predetermined within a few minutes from the 
data available in the dispatcher’s office. Exact determination 
at the station itself is by change in the color of successive 
differently colored tenders, by the passage of a small quantity 
of dye interposed between the two tenders, or by a continuous 
graphic record of specific gravity of the tenders, obtained by 
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Station A 
Fig. 2— Pressure gradients in a level section of the 12-inch line. 


SA is the suction pressure at initial station A, DA the discharge 
pressure at this station, and line DA-SB the pressure gradient along 
some 60 miles of line from station A to station B, for a flow rate of 
60 000 barrels of gasoline per day. This is the flow that can be carried 
by the line under the conditions prescribed. If station B is at an ele- 
vation higher than station A, the distance between stations must be 
decreased by an amount that will reduce the friction drop sufficiently 
to provide the pressure differential necessary to balance the positive 
static head, and if station B is lower than station A, the distance 
between them will be increased to compensate for the negative static 
head. A future station to increase capacity is represented by inter- 
mediate station M. If this station is placed between stations A and 
B, the same pressure increment may be introduced at station M as 
at station A. The flow rate will then increase to a value such that the 
pressure drop between stations M and B will be the same as existed 
between stations A and B before adding the pressure increment at M. 
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The largest explosion-resisting motors ever built drive the pumps tha 


a highly sensitive gravitometer. This instrument consists 
essentially of a spherical weighing chamber, of exactly known 
volume, through which is diverted continuously a small 
stream from the pipe line. The weight of this known volume, 
corrected for temperature, is recorded in terms of specific 
gravity on a clock-driven chart. 

The line as initially equipped can deliver 60 000 barrels of 
gasoline daily through the 12-inch section, and 42 000 bar- 
rels through the 10-inch section. This requires two 600-hp, 
3600-rpm, motor-driven main-line pumps for each of the 
seven stations on the 12-inch line, and two 450-hp units on 
each of the seven stations on the 10-inch line. Each of three 
branch lines is served by a single 150-hp unit, while the fourth 
has one of 450 hp at its origin plus an additional booster sta- 
tion with a single 450-hp motor and pump. The unloading 
station at Baton Rouge dock contains five 600-hp units, pro- 
viding ample capacity for rapidly unloading tankers and 
barges. The initial main-line station at Baton Rouge tank 
farm contains a complete spare pump and drive. 


Provision Is Made for Future Increased Capacity 


The present installation is designed as a long-term project 
to cover the commercial needs of the territory served and to 
operate economically on that basis. At the same time provi- 
sion is made for future operation at increased capacity.* 


The maximum operating pressure is approximately 900 
pounds per square inch in the 12-inch section and 975 pounds 
in the remaining sections. These pressures are fixed by the 
allowable stress in the pipe, which in turn is a matter of de- 


* Since the time of writing this article, this capacity increase has been 
undertaken, and the 14 new intermediate stations are now in construc- 
tion, bringing the total motor capacity for the system to 51 000 hp. 
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pumps that push the petroleum products through the 1261-mile pipe line. 


sign economics. If the minimum allowable suction pressure 
at each station is established as, say, 40 pounds, then with a 
maximum allowable station discharge pressure of 900 pounds, 
the pressure increment introduced into the line at any station 
is 860 pounds, plus the pressure loss through the station 
piping. The stations are so spaced, then, that the pressure 
drop between stations resulting from fluid friction at rated 
flow, plus the static pressure differential totals approximately 
860 pounds. Between the discharge of one station and the 
suction of the next, with uniform pipe, there is a uniform de- 
crease in the component of total pressure due to line friction, 
this pressure drop being directly proportional to the distance 


from the upstream station as shown graphically in Fig. 2. 

To increase the capacity of the line without exceeding the 
maximum allowable working pressure, a second series of 
intermediate pressure increments may be added, as shown. 
For the line in question, this flow rate for gasoline is cal- 
culated at approximately 90 000 barrels per day. Establish- 
ing this higher flow rate means increasing the horsepower 
input at the existing stations from two 600-hp to two 900-hp 
units and likewise equipping the new stations. 

All stations on the main line are arranged for this future 
changeover to higher capacity by initially installing pumps of 
such design that new impellers can be readily substituted and 
motors, control, and switchgear designed for ultimate opera- 
tion at the increased horsepower. 


Operation Flexible with Constant-Speed Motors 


All motors of 450 hp and above are mechanically inter- 
changeable, simplifying the problem of spare equipment, be- 
cause a spare motor of 600/900-hp design can be installed on 
any line-pump unit in the system (except the 150-hp branch- 
line units). This feature also provides maximum utility of the 
equipment under unpredictable future alterations that result 
from changed operating conditions. 

Although the line is designed for a certain rated capacity, 
consideration must be given also to its flexible and econom- 
ical operation at reduced deliveries. It is desirable, from the 
standpoint of power consumption, to operate between the 
minimum rate permissible from the standpoint of contamina- 
tion and the full capacity of the line, at a rate as low as will 
suffice to meet the transportation schedules. 

Motors of the constant-speed type are preferred because 
they are simpler and more adaptable to construction for 
hazardous atmospheres. Installation of two units per station, 
operated at constant speed, with the pumps connected in 
series, provides the required degree of flexibility. With this 
arrangement, and with all stations along the line having 
piping installed to permit by-passing any unused unit or 
station, changes in flow in steps of a few per cent can be 
made by operating both, only one, or no pumps in properly 
selected stations. 
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Fig. 3—Schematic diagram of station layout and electrical circuits. Vapors are confined to the area shown in color. 
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A “paper pipe line” guides the complicated dispatching of the “‘tenders.”” 


Each pumping-station operator reports regularly on product movements 
to dispatcher’s office, and each delivery terminal reports its take-offs, 
which are measured with extreme accuracy by positive-displacement 
meters. At the dispatcher’s office are recorded all product movements, 
and for each section of line are charted on a long strip of paper, gradu- 
ated in barrels of products. This paper strip is moved along the surface 
of a table on which stationary markers are spaced, representing to exact 
scale the station and delivery terminal locations along the line. By this 
device the dispatcher knows at all times just where every kind, grade, and 
type of product is in the line, and how fast it is moving. By careful 
scheduling and routing, he is able to keep a steady product stream flow- 
ing through the line night and day, and yet take products off the line at 
designated delivery points without stopping this continuous flow. 


Motors Are Started with Minimum Demand 
on Power System 


With the station locations determined solely by the hy- 
draulics of the line and, therefore, without regard to existing 
power facilities, it was necessary to consider carefully the 
method of starting the units, from the standpoint of voltage 
conditions on the electric service. 

Most stations contain two main pumps comprising 95 per 
cent of the station load. The motors are built with low rotor 
resistance. Although this results in low starting torque, it 
gives high operating efficiency. Because of the high load fac- 
tor at which this system will operate, efficiency is important. 
To minimize current peaks during starting, motor starters for 
all units of 450 hp and larger are of the autotransformer 
type, with closed-circuit transition. During the brief inter- 
val when the motor is transferred to full voltage with its 
terminals still connected to the starting tap, a reactor be- 
tween the autotransformer tap and the motor limits the 
current in the autotransformer circuit. By suitable control 
this reactor also provides an additional reduced-voltage start- 
ing step when power is first applied. 

During starting, the voltage at the motor terminals is 
sufficient to enable the motor to develop the torque necessary 
to accelerate the pump, with discharge closed, to a speed 
above pull-out on the starting tap. Beyond this speed the 
current decreases rapidly and transfer to full voltage is made 
on a Jow-current portion of the motor current-torque curve. 
Acceleration occurs directly as motor torque exceeds pump 
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input torque and inversely as the total inertia of the pump 
and motor. 

To minimize the motor torque during starting, the dis- 
charge valve of the centrifugal pump is closed. Starting 
must be accomplished within a reasonable time, a limit of 30 
seconds being established as desirable by considerations of 
heating of the fluid within the pump casing. After the unit 
is up to speed the valve is opened slowly so that the change in 
direction of flow through the station piping will be gradual, 
for well-known hydraulic reasons. 


How Stations Are Designed to Handle 
Petroleum Products Safely 


In the pump room and on the adjoining piping platform, 
as indicated in Fig. 3, petroleum vapors may be present 
during certain phases of station operation. Anticipating 
these conditions, and to provide adequate cooling air for the 
motors, the pump room is ventilated by air drawn through 
filters in the front wall of the station. This air is forced 
through the motor frames by the motor blowers and dis- 
charged toward the rear wall of the pump room. In this wall, 
just below the ceiling, are mounted one or more motor- 
driven exhaust fans that discharge the air onto the piping 
platform. The piping platform is open on three sides with a 
flat roof for weather shelter, a construction affording maxi- 
mum natural ventilation. The piping platform and pump 
room are at ground level. Trenches and other depressions 
favorable to accumulating hydrocarbon vapors are strictly 
avoided in the station area. 

All electric motors, control, signal devices, motor-ope- 
rated valves, lighting fixtures, and wiring installation in this 
area are specifically designed for service in atmospheres con- 
taining petroleum vapors (class I, group D). 

The 600/900-hp motors on the 12-inch line pumps are the 
largest explosion-resisting motors ever built. Attainment of 
this rating in a relatively compact unit—an important con- 
sideration in explosion-resisting design—is accomplished by 
the circulation of large volumes of cooling air through the 
motor frames and by the use of class B insulation with the 
motor rating based on 75°C rise. All main-line pump motors 
have sleeve bearings, oil-ring lubricated and cooled by air 
blast from the motor ventilating fan. These bearings require 
no oil circulating system, consequently each motor is an en- 
tirely self-contained unit without external accessories. 

Non-hazardous atmospheric conditions are maintained in 
all parts of the pumping-station building, except the pump 
room and piping platform. No direct passageway connects 
the operating portion of the building and the pump room. It 
is necessary to pass through outside entrances in going from 
one to the other. The safety of the atmosphere in the 
operating section is maintained by drawing outside air into 
the building at the end farthest from the pump room, and 
keeping it at a slight pressure above the outside air and 
above the atmosphere in the pump room. Any air seepage 
through the wall separating the operating section from the 
pump room or piping platform will be toward the pump room 
instead of from it, thus affording complete safety. 

In view of these provisions, all control apparatus is of 
open design dead-front construction. This has the outstand- 
ing advantage of accessibility; inasmuch as the several sta- 
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tions on a pipe line operate in series and interdependently, it 
is imperative that during operation of the line any inspection 
and maintenance work on electrical equipment be performed 
without shutdown, or, in emergency, with the least possible 
shutdown time. 

If the control room atmosphere should become hazardous 
because of an equipment failure, the entire station can be 
safely shut down by pushing an emergency button. This 
trips the outdoor circuit breaker at the origin of the under- 
ground power feeder serving the station from the power sub- 
station. While the station operator can clear all power cir- 
cuits within the station proper, the station lights and outside 
auxiliaries can be left in operation if required. 


Control System Provides Automatic Sequence 
of Operations 


Starting and normal stopping of the stations and of units 
within each station are controlled by the station attendant. 
Protective shutdown of units and stations is instituted auto- 
matically when conditions arise that exceed predetermined 
limits of safe operation, whereupon an audible signal is given, 
supplemented by light indication of the specific protective 
function that caused shutdown. 

The duties of the attendant incident to the starting and 
stopping of main-line units are simplified by providing auto- 
matic operation in one complete sequence for the valves, 
motor control, and pressure devices concerned. The ope- 
rator, thus relieved from performing a routine of manual 
operations at different points in the station, can devote his 
attention to the overall process and to the results obtained. 

For continuous operation of the line it is, of course, 
necessary to maintain pressure conditions within the limits 
predetermined for protective shutdown, and this is accom- 
plished by automatic means. 

The control system developed to meet these requirements 





embodies the coordinated application of pressure, tempera- 
ture, and electrical control and indicating devices. 

Each pump unit normally is controlled entirely from an 
individual “‘start-stop” pushbutton, the control system pro- 
viding the proper sequence of starting and shutdown opera- 
tions. Considering a typical two-unit booster station, this 
control system provides automatic means for: 


1—Venting the pump casings during shutdown to prevent building up 
of pressure within them by leakage past suction or discharge valves. 

2—Permitting the starting of a unit only upon existence of a prede- 
termined minimum suction pressure. 

3—Operating in correct sequence a motor-driven suction valve and a 
motor-driven discharge valve for each unit. 

4— Venting vapor from the pump casing, and circulating liquid through 
the pump, during starting. 

5—Adjusting the station capacity to the line throughout while the 
station is on the line. 

6—Limiting the minimum value of station suction pressure to a value 
safe for pump operation. 

7—Limiting the maximum value of the station discharge pressure to a 
value safe from the standpoint of pipe-line stress. 

8—Safety shutdown, sounding the station alarm and lighting an in- 
dividual indicating light, in case of excessive duration of high motor- 
starting current, high temperatures at motor and pump bearings, 
pump glands and pump casing, low or high pump-suction pressure, 
low or high station-discharge pressure. 

9—Alarm and individual light indication for high motor-winding tem- 
perature, high sump-tank level, low station-air-supply pressure. 
and low air-supply pressure to hydraulic controllers. 

10—Station pressure control. The regulation of station pressure is 

accomplished by air-actuated instruments of such a nature that the 
station suction and discharge pressures can be automatically main- 
tained at any predetermined amount. The control valve actuated 
from these instruments is normally automatically controlled, but is 
equipped for manual operation in the event of air failure or inter- 
ruption of electric service at the stations. All the stations operat- 
ing in a continuous section of line are affected by any change in 
flow rate that may occur. There are many changes in flow rates 
throughout the entire system. These are occasioned by the exist- 
ence of the large number of delivery points or terminals, which 
may be utilized for multiple deliveries or for single full-line capac- 
ity deliveries. The station pressure controls are designed so as to 
adjust immediately each station to these varying flow conditions, 
thereby maintaining uninterrupted operation. 


This is the control room in a station serving the main line and two branches, with teletypes in center, switchboard at left,and control board 
in right background. The board reveals rates of flow, pressures at critical points, motor loads, temperatures of motor and pump parts. Lights 
indicate valve positions—green closed, amber open. Red lights identify protective shutdown functions. Lights and control switches are 
arranged in appropriate position in a miniature layout of the station piping. The operator’s duties in starting or stopping a pumping 
unit are reduced to pushing a button. Through a vapor-tight glass wall he has full view of the pump room. General view of the control room 
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shown at the left: close-up of control board at right, shows in detail the schematic pipe layout of the station with its attendant instruments. 
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What's New! 


Rural Power with Urban Service 


a are a large and growing market for electrical power, especially 
as modern equipment must take up the slack caused by depleted 
ferm man power. Because of economic factors involved, modern central- 
siation and substation equipment as used in large urban areas cannot 
be justified in rural power and light distribution. Yet every effort has 
been bent to supply electrical power to rural sections at a reduced cost 
with enhanced service. A successful move in this direction has been the 
development of the new type AR automatic reclosing oil circuit breaker. 
It is designed to provide continuity of service in districts where the load 
is too light to warrant use of conventional reclosing breakers. Operated 
at 15 kv, its rated current is 60 amperes and its interrupting capacity is 
1200 amperes. It replaces distribution cutouts, which are less expensive 
but have no reclosure feature. 

Automatic reclosing discriminates between temporary surges, such as 
caused by lightning, and permanent faults that call for long service in- 
terruptions for maintenance and repair. About five seconds after a fault 
has caused it to open, the new breaker recloses automatically. If the 
fault is still in the line, the breaker opens after a short inverse-time 
delay and again recloses in five seconds. If the fault has not cleared in 
this time, the breaker opens and locks out. Thus only faults of relatively 
long duration cause an interruption in power supply and involve a 
service trip. The improvement in service reliability is substantial. 

The new breaker has been carefully engineered in line with the needs 
of rural service and several important design innovations have been in- 
corporated into its makeup. One outstanding feature is the use of a por- 
celain tank. Reducing the size and weight of the installation through 
use of porcelain both as container for the oil and as insulator for the 
active parts, permits mounting on the distribution pole. The principal 
feature, new in a circuit breaker of this size, is the application of in- 
verse-time delay to the tripping and reclosing mechanism. This feature 













Typical installation of the type AR automatic reclosing 
oil circuit breaker showing its simplicity and compactness, 
particularly desirable qualities for rural distribution use. 
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makes it possible to coordinate the operation of several breakers in a 
rural network so that the outage caused by a fault is confined to a small 
territory. These overall advantages allow this breaker to perform func- 
tions heretofore limited to more expensive equipment, primarily de- 
signed and used for central-station and substation work. 






Making light work of killing germs! 

































The final sterilization of a milk bottle can now be effected by means of 
a special Sterilamp that kills almost all the bacteria in less than ten sec- 
onds. The use of this Sterilamp will not only save time, but will also 
eliminate a final rinse with chlorinated water, a great advantage now 

that chlorine is needed for vital war uses. 


























Old-Reliable Transformer Bank Protection 
in New Guise 


~— engineer’s goal of more for less without sacrifice has been achieved 
again in a new model of a current balancing autotransformer. This 
type of transformer is used for differential protection of power trans 
former banks. They adjust for the difference in ratio between current 
transformers on the high and low sides of the banks, effecting an exact 
ratio balance between two currents of the differential system. This 
latest model, which comes in two sizes, rated at 50 and 100 va, in addi- 
tion to making a better appearance and being more compact, presents 
distinct savings in both iron and rubber. These two vital materials are 
conserved through the use of a rugged pressed-steel case instead of the 
more cumbersome casting, and elimination of the 16 rubber-covered 
cable “octopus” previously used for connecting to the service leads. A 
saving in weight of 26 per cent has been achieved and also a definite § 
saving in mounting space. Terminals come to a neat, well marked, 
molded terminal block, obviating the necessity of taping unused cable 
ends. The photograph shows the old standard model with the 16 leads, 
and gives a striking comparison with the picture of the trim, new model. 
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Engineering face lifting plus slenderizing yields substan- 
tial savings in two vital materials plus increased efficiency. 


American Standard Definitions of Electrical Terms 


= American Institute of Electrical Engineers has just published 
a much needed work on the definitions of electrical terms. The 
need for such a comprehensive coverage of the electrical field, as is 
supplied by the American Standard Definitions of Electrical Terms, was 
recognized years ago. The growth of the field made the compilation of 
such a work imperative and in 1928 The American Standards Associa- 
tion approved the initiation of this project under the guidance of the 
Standards Committee of the American Institute of Electrical Engineers. 
The first compilation was made over a period of nine years. This was 
edited and circularized subject to a letter ballot in accordance with ASA 
procedure. The final draft incorporating the suggested changes and 
corrections was approved by the American Standards Association in 
1941 and by the Canadian Engineering Standards Association in 1942. 
This volume, with a large glossary arranged for ready reference, fills 
capably a long-felt want. The American Institute of Electrical Engi- 
neers, 33 West 39th Street, New York, N. Y., invites comments and sug- 
gestions, as a work of this nature must of necessity deal largely with 
fundamentals and many specialized, allied fields might well be included 
in the compilation. 


A Regulator Relay with Variable Timing 
UTOMATIC step-type voltage regulators are used in distribution cir- 


cuits to keep the circuit voltage constant regardless of fluctuations 
in load. As soon as a change in the load causes an increase or decrease in 


Relay with variable timing shown without glass case. 
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line voltage, the regulator, controlled by a relay sensitive to the change 
in voltage, restores the line voltage to normal. Obviously, it is well to 
effect the compensation as rapidly as possible. However, the voltage 
relay must not be instantaneous, or else transient voltage fluctuations 
will cause unnecessary operation of the relay and of the regulator. It has 
therefore been necessary to equip the voltage relay with a time delay to 
insure its operation only if the rise and fall in the voltage is sustained. 

An external clock-driven timer was heretofore used to obtain this 
delay. A newly developed voltage regulating relay with self-contained 
line-drop compensator operates on the induction-disc principle used in 
overcurrent relays. This gives the device selective inverse-time charac- 
teristic so that the greater the voltage change on the line, the less the 
delay and the faster the relay response. Thus, the feeder-voltage regu- 
lator controlled by the relay is able to maintain voltage more closely 
within the predetermined limits of the “‘band.” 

With this design, the time delay is inherent in the relay, and occurs 
before rather than after the relay contacts are closed. Thus, the ex- 
ternal timer of the older design is eliminated and wear on contacts and 
moving parts of the relay is greatly reduced, since contacts close only as 
often as an actual operation of the tap changer is to be initiated. 

The construction of the relay utilizes a moving contact floating be- 
tween two stationary contacts, and the moving contact changes its posi- 
tion continuously in accordance with load-voltage changes. This gives 
the relay a cumulative or integrating property. That is, as the load volt- 
age begins to deviate from the mean setting of the relay, the floating 
contact moves toward one of the stationary ones and has less distance 
to travel if the voltage change becomes sufficiently large to require relay 
operation, thus enabling the relay to operate closer to a preset value. 


A welder designed in keeping with the demands of the times. 


Ready to take its place in the crucial battle of production is the new 
Flexarc single-operator welder. Streamlining provides the ideal dual 
function of enhancing appearance and protective covering strength. 
Requiring no meters, the welding current is adjustable to the required 
magnitude by means of a single ball crank. The desired current can 
be preset before welding. A novel feature of this welder is the arc 
control. By this device, the ratio of the generator short-circuit current 
to the arc current can be adjusted to overcome difficulties caused by 
accidental short circuits by metal globules of the welded pieces. A simple 
reconnection provides 220- or 440-volt operation. 
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jie only ingredient lacking in the United States for the 
production of ample quantities of good-quality, low-cost 
synthetic rubber is time. This country has all the basic ma- 
terials in abundance. It has the know-how; in fact, one major 
problem has been which of several entirely practical prod- 
ucts to select. Even the machinery for making synthetic rub- 
ber is familiar to United States industry; much equipment 
that has been used for years in petroleum, chemical, and 
rubber industries is applicable with modifications. However, 
an industry doesn’t grow from an annual production of less 
than ten thousand tons to nearly a million tons—a hundred- 
fold increase — overnight. Not even in the United States, 
scene of many industrial miracles, can that happen. 

The motorist, with an eye on the calendar and another on 
his fading tires, can be sure of only one thing. He will even- 
tually get tires made of synthetic rubber and they will be as 
good or better than those before Pearl Harbor, although 
possibly not at first. Whether he gets them soon enough to 
keep his car going depends on how quickly synthetic-rubber 
plants can be built, and upon how much and for how long 
rubber is needed by the armed forces. This last is unknown; 
but out of the welter of plans, arguments, discussions, and 
investigations, which has appeared to be only confusion, the 
synthetic-rubber program is taking definite shape. 

Plans are laid, plant designs are drawn, and equipment has 
and is being purchased for a total plant capacity of about 
800 000 tons yearly. As of July 15, 700000 tons of this 
annual capacity is scheduled to be the kind known as Buna S. 
Of the remainder about 60 per cent will be of a type recently 
announced, called Butyl, and 40 per cent, of neoprene. Sev- 
eral other rubber-like materials may give an additional 
50 000 tons yearly. It is expected that some 200 000 tons 
of the Buna S will be made from ethyl alcohol, which can be 
produced from agricultural products, petroleum, or coal tar. 
Thus, in the race of the several types it appears that we can 
expect Buna S to win, Butyl to place, and neoprene to show. 
Also, there is a dark horse, Thiokol, the oldest of them all, 
that may make a strong showing as the race progresses. 

Four of the major rubber companies each have 15 000- or 
30 000-ton plants that are or soon will be in operation. The 
first of the new government-financed plants should be pro- 
ducing early next year. It is expected that by the end of 
1943 half or more of the total projected plants will be ready, 
and the remainder going full tilt sometime in 1944. 

The 1938 rubber consumption was 660000 tons. The 
program for synthetic rubber plants of nearly a million tons 
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Synthetic Rubber—Newest Major Industry 


Synthetic rubber is a new industry, jerked out of its normal course of methodical pilot-plant development 
and forced into big-league operation by the grave events in the Pacific. These circumstances have only 
caused it to appear earlier and on a larger scale than would otherwise have been the case. Synthetics, 
because of superior specialized qualities, were slowly winning a foothold against cheaper natural rubber 
for dozens of products, but now upon them rests the tremendous responsibility of saving the multi-billion dol- | 
lar automobile and petroleum industries and supplying some of the vital needs of the Allied fighting forces. 


annual capacity for installation before the end of 1944 
seems to give the answer as to “when.” But it doesn’t. It 
is estimated that not over 25 000 tons of synthetic rubber 
will be produced this year, possibly 350 000 tons in 1943, 


and 750 000 tons in 1944. Probably none of the 1944 pro- [ 


duction, and certainly none before then will be available | 


for non-essential civilian use. Little, if any, will remain 
after supplying our own military forces, essential civilian 
needs, and—what is so often overlooked—replenishing the 
dwindling rubber stocks of the United Nations. Synthetic 
rubber for your car and mine after 1944? Perhaps. 


Chemists vs Nature 


When chemists start out to simulate a product of nature, 
they ordinarily seek first to determine the molecular struc- 
ture of nature’s product, and then to duplicate it by factory 


methods. Nature makes the latex that flows between the in- § 


ner and outer bark of the rubber tree by building a complex 
molecule from many simple molecules of a hydrocarbon 
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called isoprene. This much was learned over eighty years ago | 


but scientists have never been able to discover the secret of 
how the transformation is made, or exactly what the final 


molecular structure is, or—for that matter—the purpose of | 
the latex. Not until chemists gave up trying to duplicate na- | 


ture were they able to produce an acceptable synthetic rub- 


ber. This has proved fortunate because in endeavoring to | 


match the properties of rubber instead of duplicating its 
chemical structure chemists have produced many rubber-like 
materials superior in many ways to natural rubber. 

During World War I the Germans, under the pressure of 
dire necessity, made 2500 tons of so-called methyl rubber. 
It was of inferior quality, and the process was abandoned. 
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The rapid gyrations in price of crude rubber after the war | 
(reaching a maximum of $1.23 per pound in 1925) spurred | 
research in Germany, Russia, and the United States. Out of 
that research has come not one but several synthetic rub- | 


bers, each important because of special characteristics. 


Chemists in Europe discovered that a rubber-like sub- | 
stance can be made from butadiene, a hydrocarbon. In the | 
presence of water, an emulsifier, and sodium serving as 4 


catalyst, and with proper heat and pressure, 2000 or 3000 of 
the fundamental butadiene molecules (C,H,) are induced to 
join hands with each other, chain fashion. This chain-like 
structure is a fundamental characteristic of all rubbery sub- 
stances. The chemical process by which many simple mole- 
cules are joined into a giant one is called polymerization. 


Westinghouse Engine! 
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other substances with butadiene results in a better product. 
One such substance is styrene, which is added to the buta- 
diene in the proportion of about one to three, to form Buna S. 
The second substance combined (co-polymerized) with buta- 
diene to form a synthetic rubber is acrylonitrile, the resulting 
product being known as Buna N, or Perbunan. 

Buna S is the rubber used by Germany and Russia for 
their fighting forces. Accurate production figures are not 
available but it is believed that Germany, with coal as a 
source, produced about 3000 tons of Buna S rubber in 
1937; 10 000 tons in 1938, and 20 000 tons in 1939. Reliable 
recent estimates are not available but present production is 
undoubtedly much higher. Production of Buna S in Russia, 
from alcohol, started earlier, has been much higher. Begin- 
ning with about 5000 tons in 1933, it had grown steadily to 
about 50 000 tons at the outbreak of the war. 

While chemists in Europe were working with butadiene 
types of rubber, research men in the United States were busy 
along different lines. In 1931, Dr. J. C. Patrick, a research 
chemist for Armour & Company in Kansas City, mixed ethy]- 
ene dichloride (Prestone) and sodium polysulphide together, 
in a search for a better anti-freeze. He expected a liquid. 
Instead a gummy mass resulted that looked, felt, and acted 
like rubber. This was Thiokol, the first commercial synthetic 
rubber produced in the United States. 

In 1925 Julius Nieuwland, professor of chemistry at the 
University of Notre Dame, presented a paper on acetylene 
before a group of chemists. In his audience was Elmer Bol- 
ton, of the duPont laboratories, who had been working on 
synthetic rubbers. Bolton saw in Nieuwland’s results the 
missing key by which he was able to produce, in 1932, a 


product now known as neoprene. Neoprene has many rub- 
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SYNTHETIC RUBBER PROCESS CHART 


This chart of the steps by which raw materials are turned into syn- 
thetic rubbers, while it gives the most important or most common data, 
18 not necessarily all inclusive. For example, ethyl alcohol can be and 
is being made from ethylene; also styrene can be made directly from 
either coal or petroleum and isobutylene directly from petroleum. Like- 
wise, the percentages given are approximate and may change. It is 
important to remember in reading anything about synthetic rubber that 
the art, being young, is changing rapidly. 
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Germans later found that mixing small proportions of 
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ber-like properties, yet it contains 
40 per cent chlorine, which is not 
present in natural rubber. 

Other synthetic rubbers followed 
in rapid succession. In 1933, a 
patent was granted to B. F. Good- 
rich Company on Koroseal, a 
plasticized polyvinyl chloride, that 
has many desirable properties of 
rubber. The Standard Oil Com- 
pany of New Jersey developed in 
this country a rubber-like product 
from isobutylene, a petroleum 
product. This is called Vistanex, 
and was originally produced in Germany as Oppanol. 

Chemists of large rubber companies in Akron also de- 
veloped butadiene types of synthetic rubbers which are 
being made in commercial quantities. Instead of combining 
styrene or acrylonitrile with butadiene they are using other, 
but undisclosed substances. The Goodrich-Phillips Petro- 
leum product is known as Ameripol. The Goodyear variety 
is called Chemigum, of which there are three grades of 
hardness. 

Newest of synthetic rubbers is Butyl, another product de- 
veloped by Standard Oil Company of New Jersey. Butyl is 
made almost entirely from isobutylene obtained from petro- 
leum, and a small amount of butadiene. This rubber may 
become very important. As compared with other Buna 
rubbers, the raw material cost is lower. Also it can be pro- 
duced by a continuous process, instead of in batches, as is 
necessary at present with Buna rubbers. Butyl-producing 
plants are cheaper to build, and require less steel and other 
strategic materials. It appears that tires made of Butyl, while 
not as good as from Buna because of the internal heat de- 
veloped on flexing, will be satisfactory for low speed and 
light duty (figures of 10000 miles and 35 miles per hour 
have been quoted). Buty] is still new and virtually untried; 
improvements can be expected, but time is not available for 
prolonged experimentation. 

Buna S, Perbunan, Thiokol, neoprene, Butyl are the pres- 
ent headliners in the synthetic-rubber show; certainly they 
are the ones most like natural rubber. Because there is no 
synthetic counterpart of natural rubber, whether a product 
is classed as a synthetic rubber depends on how one chooses 
to define the field. It is a matter of degree; the boundaries 
of synthetic rubber are not clear cut. Many other plastics 
are rubber-like in some respects. Because each is superior to 
natural rubber in some ways they will replace natural rubber 
for special purposes-even with a cost handicap. 

Clearly, synthetic rubber has long passed the dream stage, 
although commercial production until now has been low. 
About 17000 long tons were produced in 1941 (which is 
nonetheless about four trainloads). Of this 1500 was Thio- 
kol; 6500, neoprene; 4000, Buna types (Ameripol, Chemi- 
gum, etc.); and 5000 tons miscellaneous. Unlike the situa- 
tion in Europe where development was spurred by heavy 
government subsidy, new rubbers have been developed in this 
country by privately financed research, and were being given 
the usual careful tests before large plant expansions were 
planned. December 7 suddenly changed the whole program. 
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Buna S is the synthetic rubber of greatest immediate in- 
terest to us because it has been named to carry the burden 
in the absence of natural rubber. In making the selection, 
each synthetic rubber had to be reviewed in the light of its 
potentialities as tire rubber, the experience of the rubber 
manufacturers with it, its workability on existing rubber- 
mill machinery, the speed with which production could 
start, and the availability and cost of raw materials. Laying 
the blue chips on Buna S does not necessarily imply that it 
is superior in each of these respects, but simply that, all fac- 
tors considered, Buna S is the most practical synthetic rub- 
ber on which, literally, to ride through the war. 


How Rubber and Synthetics Compare 


“Is synthetic rubber as good as natural rubber?” A yes or 
no answer cannot be given. Nor can the question, “‘Are tires 
made of synthetics as good as those made of rubber?” be 
given a categoric answer. It must be stated: “Can as good 
tire tread—or tire sidewalls—or inner tubes be made from 
synthetic as natural rubber?” Even at this early stage it 
appears that the answer to each specific question is ‘“‘Yes,” 
although even the experts are reluctant to commit them- 
selves. Obviously each part of a tire—tread, sidewalls, car- 
cass, and tube—has its own requirement as to stretchability, 
resistance to abrasion, cutting, aging, strength, porosity 
to air, and many other properties. There are many kinds 
of synthetic rubbers and each can be compounded and proc- 
essed in dozens of ways, making literally hundreds in all. Each 
variant must be tested for a score or more of physical prop- 
erties, not only by itself but in various combinations with 
natural rubber. There simply has not been time enough for 
this. Selection is further complicated by the fact that there 
is no “best” tire. The rubber best suited for tread on a taxi 
is not the best for a tire in high-speed passenger-car service, 
or for a truck, or a bus. Which of the multitudinous com- 


TABLE I—COMPARISON OF NATURAL AND SYNTHETIC RUBBERS 























R Neo- 

— BunaS | BunaN | Butyl | Thiokol prene 
Tensile Strength High High High High Low High 
Abrasion Resistance Good Exc. Exc. Fair Poor Exc. 
Elasticity and Rebound Exc. Good Poor* | Poor Good 
Resistance to Agin Fair Good Exc. Good Exc. Exc. 
Resistance to Gasoline Very Good Very Exc. Good 

Poor Poor 
Resistance to Sunlight Fair Good Exc. Exc. Exc. 
Resistance to Flexcracking | Good Exc. Exc. Fair Exc. 
Electrical Conductivity Low Medium | Con- Medium | Medium 
High ducting 

Dielectric Strength Exc. Fair Fair Fair 
Resistance to Corona Poor Poor Exc. Exc. 
Can be Vulcanized Yes Yes Yes Yes No Yes** 


*Poor at room temperature; good at 200°F. **But not with sulfur. 


binations is best could be and will be determined by extensive 
experience. However, the situation at present is controlled 
by the necessity for an adequate solution quickly, not in 
achieving the ideal. Even so it is likely that inner tubes, tire 
carcass, sidewalls, and tread will be made of different syn- 
thetic rubbers, either alone or in combination with natural 
rubber. Furthermore, this practice probably will continue 
even when plantation rubber becomes available again be- 
cause a superior tire will result from making best use of the 
advantages of both natural rubber and each of the synthetics. 
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As to elasticity and rebound, natural rubber is still king. 
The stretchability of some synthetics closely approaches, at 
certain temperatures, that of natural rubber, but none are 
quite as good under all conditions. Natural rubber is also 
superior in a few other important respects. It is softer than } 
synthetic rubber, and hence is easier to process or work in 
the rubber mills. Rubber is more resilient than nearly all of 
the synthetics. This means it has low energy absorption, or $ 
hysteresis, and consequently does not build up temperature | 
on repeated compression and extension. Low energy absorp- 
tion is not always an advantage, however. For vibration ab- 
sorption, as for engine mountings, this quality of natural 
rubber may be a distinct disadvantage. Lastly, rubber is more 
resistant to stiffening at low temperatures than most syn- 
thetic rubbers, but improvement of synthetic rubbers in this 
respect can be expected. 

Natural rubber, properly compounded with carbon black, 
has good tensile strength, generally given as from 2400 to 
4500 pounds per square inch. Some synthetic rubbers equal 
it, but none are markedly better at normal temperatures. 
However, synthetic rubbers, almost without exception, re- 
tain their initial strengths under conditions of sunlight, 
ozone, chemicals, heat, etc., far better than does rubber. 

Abrasion resistance is of particular importance in tires. 
In this respect several synthetics are as good, and Buna S | 
and Perbunan are appreciably better than natural rubber. [7 

It is in resistance to sunlight, ozone, oils, chemicals, etc., 
that the real superiorities of synthetic rubber appear. Thio- 
kol, neoprene, Perbunan, Koroseal, and others are highly oil 
resistant and have already largely replaced natural rubber in 
hose for oils and gasolines. They are also used in printing | 
rolls and engraving plates. Koroseal makes superior seals, / 
gaskets, and diaphragms for oil pumps. Oil-resisting gloves { 
are made of neoprene. Thiokol, neoprene, and Koroseal are | 
outstandingly resistant to sunlight and ozone, both of which | 
shorten the life of natural rubber. They are accordingly used 
in many airplane parts such as the de-icers, which are sub- 
ject to direct sunlight. Gas-cell fabrics of balloons and air- 
ships are coated with neoprene and Thiokol, which, in addi- | 
tion to their resistance to sunlight, are far less permeable to 
gases than is natural rubber. Some synthetics are as much 
as 25 times more impervious to gases than rubber, so that 
inner tubes made of them would hold air indefinitely. Syn- 
thetics, neoprene and Koroseal in particular, are being | 
adapted extensively for insulated wire. This is not because [ 
of electrical superiority, as some are slightly inferior, but 
because of their better resistance to burning and to deterio- 
ration by ozone. The dielectric constant of the Buna rub- | 
bers, except Perbunan, is about the same or slightly lower | 
than natural rubber, but the others, Thiokol, Koroseal, and 
neoprene are higher, in that order. The power factor of Vis: [ 
tanex is lower than for rubber; Buna S about the same; and 
Thiokol and neoprene, higher. The conductivities of all syn- 
thetics, except Vistanex and Koroseal, have higher dielectric | 
strengths than natural rubber, while the strengths of Thio- | 
kol and neoprene are slightly less. 

The point is, rubber is an engineering material having ’ 
many properties; not elasticity alone. In synthetics we have 
a group of materials of specialized, superior properties, that 
can compete with tree-grown rubber for many uses. They | 
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REFINERY 


The basic raw materials for Buna S are 
butadiene and styrene. Butadiene is a gas 
at normal temperatures (it boils at 25 de- 
grees F). It can be prepared in many ways. 
The question is, Which is cheapest and quick- 
est? It can, in effect, be grown; i.e., made 
from ethyl alcohol, which is produced from 
grains as do the distillers, from molasses, 
potatoes, or many other farm products 
and wastes. Before the war, Russia was 
making most of its butadiene from alcohol 
derived from potatoes. Butadiene can also 
be made by a complicated process, starting 
with coal and limestone, which are con- 
verted to calcium carbide in electric fur- 
naces, thence to acetylene, to aldol, to 
butylene glycol, and butadiene. This, a 
multi-step, costly process, is the method the 
Germans must use because of their lack of 
alcohol-producing crops. 

With petroleum abundant and of low cost, 
the parent for most of the butadiene in the 
United States will probably be crude oil, 
from which butadiene can be produced in 
many ways. In cracking petroleum, by con- 
trolled heat and pressure, to obtain aviation 
fuel, motor fuel, and other petroleum prod- 
ucts, a mixture of gases is given off. 
Among these are gases with four carbon 
atoms such as butane (C,H,,), butene 
(C,H,), and traces of butadiene (C,H,), de- 
pending upon the process used. Until a few 
years ago, these were burned as fuel or 
converted to chemicals and gasoline. The 
gases however can be recovered, and the 
butanes and butenes separated and re- 
processed to make them give up some of 
their hydrogen, thus stepping down in the 
hydrogen scale to butadiene. 

Until aviation gasoline became important 
in the 1930’s, the butane gases had little 
value to refineries except for the propor- 
tion which could be incorporated in motor 
gasoline without exceeding the vapor pres- 
sure requirements of the gasoline, and hence 
no effort was made to recover them. In the 
1930’s, however, several processes were dis- 
covered for converting the gases to high 
octane number gasolines, which were of 
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How Buna §S Is Made 


great value for aviation fuels. The use of 
these processes w1s greatly spurred by the 
vast expansion o! the military aviation pro- 
gram even before December 7. 

The loss then of our sources of natural 
rubber to the Japanese and the need for 
producing butadiene in large quantities to 
manufacture synthetic rubber placed an ad- 
ditional load on our refineries in the pro- 
duction of C, gases. Fortunately it has been 
possible for the refineries to increase this 
production by changes in existing processes, 
installation of new cracking equipment, and 
more careful scavenging of their fuel gases 
to recover the last traces of C, gases avail- 
able. In addition, oil-field gases have been 
scavenged for all butanes available. This 
latter has been a very important source. 

There are several ways of increasing 
these gases from existing equipment. What- 
ever the process used by the refineries to 
obtain butadiene, it is essentially a modifica- 
tion of existing technique—pressures, tem- 
peratures, catalysts, cycles, etc.—and not 
any fundamentally new or unknown appa- 
ratus. The Standard Oil Company of New 
Jersey recently announced a new technique 
in which a “fluid” catalyst is used by which 
much more butene is obtained for butadiene 
production. Also there is no sacrifice in 
the amount of aviation fuel obtained and 
its quality is improved. To the uninitiated, 


/ an oil refinery for producing butadiene with 


its maze of towers, tanks, stills, and pipes 
will look like any other refinery. Some new 
plants and additions to old plants will be 
built for producing butadiene, but they will 
not differ greatly from present refinery 
construction. 

The second basic material for Buna S is 
styrene. This is a liquid at normal tempera- 
tures (boils at 295 degrees F) and can be 
made by combining ethylene with benzol. 
Ethylene results from petroleum processes, 
or can be made from alcohol. It can also be 
made by “cracking” petroleum, although 
the yield obtained by this method is small. 

Having butadiene and styrenes we come to 
the second and the only fundamentally new 
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step in synthetic-rubber manufacture, that 
of their combination or co-polymerization 
by which the giant, chain-like molecules are 
built up—just as a freight train is a long 
string of freight cars (butadiene molecules), 
with a few flatcars (styrene molecules) in- 
terspersed at regular intervals. In this case 
our freight train may be from 2000 to 4000 
“cars” long. This co-polymerization is ac- 
complished by mixing butadiene, styrene, 
water, a catalyst, and an emulsifier, in a 
large chamber and agitating the mixture at 
the proper temperature and pressure for 
several hours. Buna S rubber comes out 
not unlike milk, closely resembling natural 
rubber latex. 

This synthetic latex can be coagulated by 
the addition of acid to a substance that looks 
like dried raisins. This can be filtered of 
liquid, dried, and baled. It then corresponds 
to the natural rubber as it has heretofore 
been received from the plantations. It 
looks, feels, and behaves very much like 
natural rubber. 

This co-polymerization process is a new 
one and will be under the jurisdiction of 
the rubber companies. It is likely that the 
plants will be built near the sources of 
butadiene (which is normally a gas and 
hence would require shipment as a liquid 
under pressure). Such an arrangement per- 
mits the details of the process to be con- 
trolled by rubber technologists and admits 
of little controversy, inasmuch as butadiene 
and styrene are definitely determinable and 
recognizable products. 

The last or processing stage follows con- 
ventional rubber-mill practice in general, 
and uses the same type of machines now 
used by the rubber companies but possibly 
the mills will require an increase in motor 
horsepower. Details differ, however. The 
greater stiffness and other differences in 
physical properties require changes in pres- 
sure, temperature, and time of mastication, 
differences in compounding substances and 
technique. But here again it is a matter of 
new procedure, not new types of rubber- 
working equipment. 








were beginning to do so before the war, even with a three- 
or four-to-one price handicap. To what extent they will con- 
tinue to supplant natural rubber when free trade is resumed 
depends on (a) the cost of plantation rubber, (b) the costs of 
synthetics when produced on a high-production basis with a 
background of technical experience and (c) the improve- 
ments that will undoubtedly be made in synthetic rubber. 


Synthetic-Rubber Manufacture 
Requires Steam and Power 


Tremendous amounts of steam are required in the various 
processes involved in the manufacture of raw materials — 
butadiene and styrene—for Buna S rubber. In fact, the 
steam for a single 50 000-ton annual capacity butadiene plant, 
if supplied at about 800 pounds to non-condensing power 


About Rubber 


Seventy-six per cent of the crude rubber used in the United 
States in 1939 went into automobile tires and tubes. Each auto- 
mobile used, in addition, about 30 pounds of rubber for floor 
mats, cushions, water hose, vibration absorbers, gaskets, seals, etc. 


A tire is exceedingly complex chemically. In addition to rubber 
it contains zinc oxide, sulfur, whiting, stearic acid, pine tar, cot- 
ton or rayon fabric, steel, carbon black, and other things. 


Michael Faraday—familiar to every electrical man—deter- 
mined in 1826 the composition of rubber. He gave it the formula 
C,,H,,, later changed to C,H,. Versatile, those early scientists! 


Natural rubber, and some synthetics, has a tensile strength of 
30000 pounds per square inch, based on its dimensions at the 
time of rupture. This is about equal to the tensile strength of 
mild steel. 


To produce one ton of synthetic rubber requires generating 
90 000 pounds of steam and pumping one-and-a-half million gal- 
lons of water against about 60 foot average head. Each ten 
tons of synthetic rubber produced annually requires about one 
ton of refrigeration equipment. 


turbines exhausting at 150 pounds, will produce about 
40 000 kw in electrical energy, only about one-half of which 
is required by the electrical equipment in the plant. 

The synthetic rubber plants are installing turbo-generators 
to recover this by-product power. These turbo-generators are 
tied in with existing utility systems, providing a back-up 
service to give to the operation of the synthetic rubber plant 
a maximum of reliability. 

The main turbines in these butadiene and styrene plants 
will receive steam from 750- to 800- pound boilers. They will 
exhaust at from 150 to 190 pounds for process requirements 
and to mechanical-drive turbines, which in turn provide 
15-pound process steam. Steam will also be bled from these 
electric-power turbines at 450 pounds, which may be supple- 
mented by steam from 450-pound boilers, to supply mechan- 
ical-drive turbines and high-pressure process requirements. 
These combination high: and low-pressure boilers, high-pres- 
sure power-generation bleeder turbines, and mechanical-drive 
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turbines give a flexible system by which efficient heat bal- 
ances can be maintained for all the process work. 

In butadiene and styrene plants, drives larger than 10 
horsepower will use mechanical-drive turbines, and smaller 
ones, electric motors. Of course, there is no equipment in 
these plants that could not be electrically driven but the 
combination of more effective heat balance and the greater 
immediate availability of steam turbines in these horsepower 
ratings results in these standardizations. 

The plants for the synthesis of butadiene and styrene, 
called co-polymerization plants, are standardized at units of 
15 000 tons annual capacity. They will be fully electrified, 
the steam requirements here being small as compared to the 
plants for producing butadiene and styrene. Each co-polymer- 
ization plant will require about 200 a-c motors totaling 1200 
horsepower, and ranging in size from one-third to 75 horse- 
power. 

The rubber mills in which the raw synthetic rubber will 
be processed into finished articles will not require funda- 
mental changes in electrical equipment. Because synthetic 
rubber is stiffer than natural rubber, the rubber-working 
machinery will require more horsepower per ton produced. 


Tires from Weeds 


Much is being heard about rubber from plants. The tongue- 
twister, guayule (pronounced weye-oo-lay), is most frequently 
mentioned, but milkweeds, goldenrod, dandelions, Euphor- 
bias, rabbit brush, osage orange, Madagascar rubber vines, 
even certain micro-organisms have been suggested and in- 
vestigated. Only guayule seems to have possibilities of more 
than passing moment. Guayule is a small shrub that thrives 
best if a short period of heavy rain is followed by protracted 
heat, as in Mexico and southwestern United States. A crop 
of about 1800 pounds per acre can be grown in about four 
years. Another problem in obtaining rubber from guayule 
is to rid it of the rather high percentage of resin present 
(about 19 per cent). Rubber thus obtained is identical 
chemically obtained from the rubber tree. Any rubber we 
can get from it will be welcome, but the problem is one of 
time and quantity. A processing plant in California is now 
producing five tons per day. A few thousand tons will be 
obtained annually from plantings in Mexico. 


The Prospects and the Future 


The rubber industry is old and well established. Great im- 
provements have been made in processing natural rubber, as 
those who drove a car 25 years ago can testify. Synthetic 
rubber is new. Much remains to be learned about the best 
methods of handling and compounding the types already 
known, and new types will undoubtedly be discovered. The 
possibilities are almost limitless; already over 6000 co-poly- 
mers with butadiene have been tried. New synthetic rubber, 
improved synthetic rubbers are sure to appear. 

Come the peace and whatever will then constitute normal 
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times, the engineer will have at his command a large family | 


of rubber-like materials, each with its special merits, which 


can be used along with natural rubber to produce better ; 


tires, tubes, belts, gloves, hose, vibration absorbers, electric 
insulation, and literally thousands of other necessities. The 
synthetic-rubber industry is here, and it is here to stay. 
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Utilizing Full Transformer Capacity Safely 


“‘Make every pound of material count.’’ This victory-drive slogan has a familiar ring to engineers; obtaining more 


from less has always been a major engineering objective. Thus, a scheme by which more kilowatt-hours can be 


obtained from a given power transformer automatically without danger of exceeding the maximum allowable cop- 


per temperature is not only a bit of good engineering technique and ingenuity, but also an effective war measure. 


RANSFORMERS often are 
Titte to carry heavier 
loads than the nameplate 
specifies. This fact has been 
generally known, but the 
operator has been unable 
to utilize it. Until recently, 
he had no way of knowing at any particular time how much 
latent capacity, if any, the transformer possessed. A device is 
now available whose sole function is to determine at all times 
the amount of surplus capacity and to make all of it available 
automatically without any risk of transformer overheating. 
The scheme is generally known as loading by copper tempera- 
ture. The basic element is a bimetallic relay known as 
the TRC, sensitive to both oil and copper temperatures. 


F. L. SNYDER 


Transformer Engineer, 
Westinghouse Electric & 
Mfg. Company 


Spare Capacity Accrues from Several Sources 


Excess transformer capacity at any particular time has 
several sources. One has to do with the “‘time constant” of 
the transformer. The time constant, as shown in Fig. 1, is the 
length of time required for a transformer to reach a certain 
percentage of the final temperature when a load is applied. 
It is in effect an integration of the specific heats or the heat- 
storage capacities of the oil, insulation, steel, and copper 
that must be heated before the transformer can reach its 
final temperature. Therefore, the longer the time constant, 
the greater the short-time overload capacity. The time 
constant of the copper is much shorter than that of the trans- 
former as a whole. In other words, the temperatures of oil, 
steel, and insulation lag the copper temperature during the 
short-time overload, and tend to keep the copper cool. 

Another possible source of additional transformer capacity 
lies in the temperature differential or gradient between the 






Fig. 1—When load is added to a trans- 
former the temperature increases in al- 
most a straight line before tapering off. 
The “time constant” is taken as the time 
of the straight portion of the curve, which 
experience shows is 62.5 per cent of the 
time to reach a constant temperature. 


—— 


Temperature — Degrees 


Time 
-—Constant—ewl 
—Hours 








Time—Hours 


August, 1942 


} 


Gi 


OA 
/ 
a 


vd 
: 
: 
: 

: 
4 
: 
: 
5 
&. 





copper and the oil after the transformer has reached a con- 
stant temperature at full load. The smaller this gradient, the 
greater the short-time overload capacity for a predetermined 
limit of copper temperature. 

The lower the air temperature, the more rapidly is heat 
dissipated to it from the transformer case or coolers. Hence, 
the overload capacity of a transformer for a predetermined 
copper-temperature limit depends in part on whether the 
day is cold or warm. 

How much overload and how long a transformer can carry 
it depends also on the maximum allowable temperature for 
that particular transformer. Generally this limit is fixed by 
the kind of insulation used. The rate of deterioration of both 
oil and solid insulation depends on both time and tempera- 
ture. The longer the time and the higher the temperature, 
the more rapid is the deterioration of oil and insulation. This 
deterioration is greatly retarded if oxygen is kept from con- 
tact with the oil, either by sealing the transformer (as in the 
Sealedaire type) or by maintaining a cushion of nitrogen 
above the oil in the transformer (as in the Inertaire type). 


93 














Fig. 2—The “TRC” relay with its current transformer is mount- 
ed on a panel for immersion in the transformer oil. A saturation 
transformer is used for coordination with the system relaying. 


The short-time overload capacity of the transformer de- 


pends, therefore, upon four factors: 
a—The time constant of the transformer. 
b—The temperature differential or “gradient” between the copper 
and the oil. 
c—The ambient air temperature. 
d—The temperature limit allowed after the transformer has carried 
a given overload for a given time. 


The amount of surplus capacity at any given time is an 
integration of these several “extras,” which vary in combina- 
tion and in individual amounts. The operator cannot antici- 
pate the ambient air temperature, the average load copper 
temperature, or the time and magnitude of the peak load. 
An automatic relay is needed to warn him that the trans- 
former is being overloaded, and to trip the transformer from 
the line if that warning is not heeded before a dangerous 
copper temperature is reached. The ideal relay to control the 
loading of a transformer must permit comparatively high 
overloads for a comparatively short time and lesser over- 
loads for longer times. The relay must be able to take cogni- 
zance of all four possible sources of excess transformer 
capacity at a given time. 


Relay Is Responsive to Load and to Oil Temperature 


A relay system that accomplishes this is shown in Fig. 2 
and schematically in Fig. 3. The relay bases its control of the 
transformer load on two observations; one is the temperature 
of the hottest oil and the other is the time and magnitude of 
the transformer load. These two measurements enable it, 
in effect, to add up all the surplus capacity available from 
any of the four sources and deliver it to the operator who 
needs to do nothing about his transformer load until the relay 
gives him warning that the surplus capacity is being 
dangerously exceeded. 

The entire relay is submerged in the top oil of the trans- 
former because it is essential that the same medium be used 
to cool the bimetal that is used to cool the copper in the 
windings of the transformer. The oil at the top of the trans- 
former is of course the hottest oil. 
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The second observation by the relay is of the load current, 
The bimetal, in addition to being submerged in the hot oil, 
also carries a current proportional to the current flowing § 
through the transformer. Because it is not practical to builda 
relay either to carry the current or to withstand the voltage | 
of the transformer it protects, the relay is connected in th» 
secondary circuit of a current transformer, the primary of 
which is connected in the output leads of the transformer to | 
be protected. 

Changes in the current through the bimetal and changes 
in oil temperature cause corresponding variations in the f 
bimetal temperature and, therefore, in the deflection of the 
bimetal. As the bimetal deflection increases, first a prelimi- 
nary latch is released, which closes a contact and lights a 
load-check lamp, which indicates that the transformer is be- 
ing overloaded. When the current through the bimetal and 
the corresponding deflection are still further increased, a 
second latch is tripped to close a second contact, which can 
be used either to remove the transformer from the line or to 
give the operator final warning that the transformer load | 
must be relieved. 

The relay is reset by a solenoid. The relay has only two 
adjustments; one controls the temperature at which the | 
final contact trips, and one controls the temperature of the [ 
warning trip and, therefore, the time differential between the [ 
final trip and the warning trip. 

The burden drawn by the bimetal relay is low, about 10 
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volt-amperes being supplied by a simple through-type cur- § 1 
rent transformer. The relay and current transformer are § t 
combined into a simple integral assembly as shown in Fig. 2. 9 | 
With the conventional hot-spot indicator equipment a 9 
heating coil is supplied by a current transformer. This coil @ r 
must in turn transfer its energy through the medium of oil § 
and insulation to the bulb of a thermometer. The thermome: } 
ter bulb then has to transfer its energy through a long tube @ in 
and finally actuate a pointer assembly with attached contact. @ r 
cl 
Ir 
A re 
hi 
Ww 
pi 
ve 
A 
@ th 
ul 
ov 
Circuit 0) 
th 
Ste 
Fis 
ou 
15 
Solenoid 
Reset Switch loz 
wil 


Fig. 3—The bimetal relay is immersed in the transformer oil and also im 
carries a current proportional to the load current. As the bimetal is co! 
heated first one latch is opened to give the operator a warning 4 1 

finally a second latch opens to remove the transformer from the circu! ™ 
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much slower and much more insensitive to load variations 
than is the bimetallic relay. The usual hot-spot indicator is 
obviously far more devious than the relay in its determina- 
tion of the true conditions within the windings. For this 
1zason the hot-spot indicator cannot be relied upon to con- 
tiol the transformer loading but should be used only as a 
guide to the operator who, himself, must make the decision 
as to allowable loading. 


Coordination with System Relaying 


The transformer protective system can be coordinated 
with conventional protective relays, such as the current- 
overload relay, to get selective relaying. On short circuit the 
TRC relay operates more quickly than the current-overload 
relay even on its most sensitive setting. Obviously, the sys- 
tem relays should be allowed first opportunity to remove a 
transformer from the line on a system fault. Under this con- 
dition the TRC system acts only as back-up protection for 
the transformer. To delay the TRC relay for heavy currents 
and thereby allow the overload relay to operate first, a satu- 
rating current transformer is connected in the secondary of 
the main current transformer and in series with the bimetal 
of the relay. The core of this auxiliary current transformer 
starts to saturate at about the minimum current setting of 
the overload relay, thereby slowing down the relay for cur- 
rents above the minimum current setting of the overload 
relay. When this arrangement is used, the relay protects the 
transformer for all useful overloads, while the conventional 
protective relays protect against system faults. Should the 
overload protective system not function, however, the TRC 
relay removes the transformer from the line before over- 
heating occurs. 

Because the copper-temperature load relay is mounted 
inside the transformer, it is desirable to be able to reset the 
relay from a central control point. The combination load- 
check and warning lamp is usually mounted at this same re- 
mote location, and is mounted in a small cabinet with the 
resetting switch and a terminal block to which the alarm and 
breaker trip circuits are connected. The resetting switch and 
warning signal lamp can be mounted on the main control 
panel in the station instead of on the transformer. 

To get more kilowatt-hours per dollar of transformer in- 
vestment, it is essential to eliminate ‘‘over-transformering.”’ 
This means that instead of installing a transformer rated at 
the peak load it will normally be expected to carry, install a 
unit rated at the normal average load, and use the inherent 
overload capacity of the transformer to carry the peak load. 
Operation by copper temperature using the TRC relay makes 
this principle of operation both safe and automatic. 

A typical time, load, temperature curve for a modern sub- 
Station transformer protected by TRC relays is shown in 
Fig. 4, The curve shows that, following full load continu- 
ously, the transformer can carry about 240 per cent load for 
15 minutes, 205 per cent load for one hour, or 180 per cent 
load for two hours. Starting at no load the overload capacities 
will, of course, be higher for the shorter times. This is an 
important point because it shows that the relay takes into 
Consideration not only the magnitude of the overload and 
length of time it must be carried, but also the temperature 
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The response of a thermometer or detector coil is obviously 
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Fig. 4— Thermal relay curves (a) and winding temperature curves 
(b) for self-cooled transformers. (Ambient temperature=30°C.) 


and load conditions of the transformer at the start of the 
overload period. 

The temperatures shown on the curve are hot-spot temper- 
atures. These temperatures are based not on any arbitrary 
rule of adding a certain number of degrees to the average 
copper temperature but are calculated from the maximum 
watts per square inch of actual coil radiating surface exposed 
to cooling oil. The hot-spot temperature of the transformer 
is determined, therefore, not by any arbitrary rule or by the 
watts per pound of copper in the winding, but by the watts 
per square inch of the winding exposed to cooling oil. The 
accuracy of this method of calculation has been proved by 
many careful tests on actual power transformers. 


Relays Increase Useful Capacity Sorely Needed Now 


Actual field experience exemplifies clearly the diversity of 
the uses of the TRC relays. A large eastern utility installed 
in their system a large number of 1000-kva power trans- 
formers equipped with relays for operation by copper temper- 
ature. Because of heavy power demands required by war in- 
dustries, several of these transformers have been overloaded 
up to 190% of their rating for considerable periods. The re- 
lays warned the operator by signal lamp that the transformers 
were being overloaded so that he was able to warn both 
his own company and the customer of the overload and 
the possibility of an outage if the heavy load continued. The 
application of relays to the principles of operation by copper 
temperatures in this instance eliminated outages to essential 
war industries, because, had the operator followed conven- 
tional loading rules, he would have been forced to trip the 
transformers off the line. 

The power requirements of a southern ship-building cor- 
poration were substantially more than was originally antici- 
pated because of the speeding-up production program. The 
signal lamps lighted shortly after the transformers were put 
into service, indicating that additional transformer capacity 
was required. The transformers had, however, sufficient 
thermal capacity after the signal lamps became lighted to 
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keep the plant going until additional transformer capacity 
could be installed. Through the use of the relay the operators 
were able to overload the existing transformers, confident 
that this equipment, invaluable to the war effort, would sus- 
tain no damage. 

Another phase of the uses to which this relay is being put 
is shown by a large western Pennsylvania utility company 
which installs relays for operation by copper temperature on 
all power transformer and regulator installations as an 
emergency measure. These installations are not made, pri- 
marily, to take care of short-time overloads, but to enable 
the transformers to stay in service to the last possible minute 
without damage to themselves in the event of an emergency 
where part of the system may be out of service. This com- 
pany hopes that the relays will never be called upon to oper- 
ate, but if they are, they will enable the transformers to 
function under excessive loads as long as possible without 
any undue hazard to the equipment. 











In substance the merits of operating transformers on the 
basis of copper temperature are as follows: 


a—For average load cycles, the installed capacity of the bank can be | 
about one-fourth less than that required on the basis of enough kva to [ 


carry the peak load. 
b—An automatic load check by means of the signal lamp informs the 


operator which transformer bank has been overloaded and how often. |] 
During periods of peak load this lamp also warns the operator if the [7 


peak load is overloading the transformer. 


c—The protective relay automatically trips the transformer from the [/ 


line on system short circuits beyond the transformer if the conven. 
tional protective relays fail to do so. 

d—An automatic time-temperature load relaying system permits the 
transformer to carry an emergency overload as long as possible before 
automatically tripping itself off the system after first telling the operator 
that it is going to do so. 


Operating present equipment to the ultimate limit of its | 


performance is the order of the day. With the TRC relay, 
this ideal for transformer operation can be realized con- 
sistently and with complete safety. 


Fig. 5—Curves for determination of the size of power transformers adequate for a particular load condition. 


A=Base Load in Per Cent of Transformer Rating 
t=Time in Hours of Peak Load 
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(a) Curves applicable on recurring load cycles and based on 
capacity limit indicated by the relay lamp signal. Knowing the 
load cycle, the steps in using these curves are as follows: 

1—Find the average load throughout the daily cycle by multi- 
plying the various loads by their duration in hours and dividing 
by 24. 

2—Determine the load factor, as the ratio of the average load 
to the peak load. 

3—The intersection of the load factor with curves of duration 
of the peak load (¢t) gives on the ordinate scale the per cent of 
peak-load rating of transformer that will safely carry the load 
throughout the assumed cycle. 

4—Multiply per cent of peak-load rating by the peak load to 
give the required transformer size in kva. As an example, 
assume a 24-hour daily load consisting of a 4-hour peak load of 
2000 kva and a base load of 1000 kva for the remaining 20 hours. 


_ (20004) + (1000 20) 
7 24 


=1165 kva 





Step 1. Avg. load 


1165 
Step 2. Load factor = Sopp % 100=98.2 per cent 
Step 3. Load factor line 58.2 crosses t=4 hours curve at 74.3 
per cent 


58.2 
Step 4. Required transformer capacity = pp %2000= 1486 


kva 


A=Base Load in Per Cent 
t= Time in Hours of Peak 


Transformer Rating 








Transformer Rating—Per Cent of Peak Load 
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Load Factor “sak Goad —Per Cent 


By the same curves the length of time a transformer can safely 











carry a given peak load can be determined. 

1—Find the ratio of transformer rating to the peak load, ex- 
pressed in per cent. 

2—Find the ratio of base load to transformer rating, in per 
cent (curves A). 

3—The intersection of the ordinate (step 1) and curve A (step 
2) gives the time in hours the assumed peak load can be safely 
tolerated (curve tf). 

Example: How long can a 1000-kva transformer carry a load 
of 1500 kva if the normal or base load is 800 kva? 


PER wazeyies 


Step 1. Transformer rating=+oX 100=66.7 per cent of 
peak load 
800 
Step 2. Base load = 799 * 100=80 per cent of transformer 
rating 


Step 3. For an ordinate of 66.7 and A =80, the allowable time 
of a 1500-kva load is t=1.7 hours. 

(b) Curves applicable for infrequent or non-recurring peak 
loads and based on the ultimate capacity of the transformer, 
limited by the actual tripping of the transformer from the line by 
the relay. Using the same steps as in (a), with an emergency 
four-hour peak load, the required transformer rating is 1360 kva. 
Continuing as in (a) a transformer of this rating can be operated 
for 3.4 hours at an emergency peak load of 1500 kva. 
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Smaller Transformers by Forced Cooling 


The amount of water that can be carried with a bucket depends on the speed of the trips as well as the size of the 
pail. This obvious principle has been put to good use to increase greatly the load capacity of transformers. Oil, 
instead of flowing leisurely up through the hot windings, is forced through them at high speed, making from 8 to 
20 more round trips from windings to radiator in a given time with loads of heat. The result is large savings in 


copper, oil, and steel—all strategic materials—a more compact unit to ship, one easily and quickly installed. 


"agement a transformer by forcing oil 


The forced-oil-cooled, air-blast transformer 


through the windings at relatively high W. G. JAMES is also ideally suited to mobile units such as 
speed has many advantages compared with Manager, Power Transformer emergency power service. Here the problem 
the time-honored method of natural convec- Westi ae tn. & ie. Co. is to provide a transformer unit of the largest 


tion or thermo-syphon action. Positive circu- 
lation of the oil, by a motor-driven pump, 
through the windings and radiators reduces the amount of 
oil required and greatly reduces the temperature gradients 
between hot spots in the windings and the cooling oil. The 
result is that a transformer of given capacity is from one- 
third to one-half lighter in weight and correspondingly 
smaller in dimensions. Although such economy is desirable 
any time, savings in copper, insulation, oil, and steel are of 
paramount importance now. The reduced bulk means that 
transformers of much larger rating can be shipped com- 
pletely assembled, in turn shortening the erection time, re- 
ducing the expense and reducing the size required of the 
handling equipment at the erection site. Because the oil is 
circulated by a pump, the transformer coils can be placed 
horizontally instead of vertically. Depending on transporta- 
tion restrictions and space conditions at the eventual point 
of use, this feature may be extremely important. However, 
there is nothing inherent in the scheme that demands a hori- 
zontal construction; it is equally applicable to the more con- 
ventional vertical form. The availability of the horizontal 
form greatly increases the adaptability of the transformer to 
specific requirements. 

Translated into practical reductions in materials for nor- 
mal 60-cycle designs, forced-oil cooling reduces the steel core 
about one-half; the copper and insulation, a fourth; the oil, 
over a half; and the steel for parts, nearly two-thirds. For 
example, in the case of a 40 000-kva transformer, the core 
steel can be reduced by 24 000 pounds, the copper and in- 
sulation by 3800, oil by 27000, and structural steel by 
42 000. The overall weight saving is about 97 000 pounds or 
45 per cent of the total. The physical size of the 40 000-kva 
forced-oil-cooled, air-blast transformer is about equivalent to 
a 27 000-kva self-cooled unit. 


The New Principle Is Applicable 
to Many Transformer Types 


The new type of transformer had its beginning with several 
built for electric locomotives, where space is extremely 
limited. To get a 4850-kva, 25-cycle, single-phase trans- 
former into a space 74 by 5% by 7 feet, a shell-type unit was 
designed to be placed horizontally with oil forced through its 
windings at high speed. 
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capacity within the physical limits allowed 
on the highways. Many of these units are in 
service, the largest rated at 3000 kva, 33 to 2.5 kv. It is 
mounted on a rubber-tired truck trailer along with high- and 
low-voltage switching and protective equipment. 
Transformers for usual power-system use are also being 
built on the principle of forced-oil, forced-air cooling. In the 
larger sizes particularly the saving in materials has other ad- 
vantages than the important one of saving strategic materials. 
It greatly increases the ratings of transformers that can be 
shipped from factory to site, completely assembled, com- 
pletely processed, ready for installation. Several 40 000-kva, 
high-voltage units have been shipped, each complete with 
bushings and oil, which only required lifting to their founda- 
tions and making the electrical connections in order to place 
them in service. This saves much erection time and reduces 
erection costs by two or three thousand dollars per unit. 
Handling facilities can be smaller. Heretofore transformers of 
about 5000 kva were the largest units shipped by rail, com- 
pletely assembled. Usually the shipping height is a limitation 


This 40 000-kva, forced-cil-cooled transformer was shipped as a 
single unit. 






























on large power transformers. The coils are placed horizon- 
tally instead of vertically, and the high-voltage bushings are 
placed at a lower level. Thus the overall height above trans- 
former rails is held to 13 feet 4 inches. When loaded on a flat- 
car, the vertical clearance of 17 feet 114 inches meets railroad 
shipping specifications. 

Forced-oil and forced-air cooling can be applied equally 
well to the conventionally designed vertical transformer. 
In utilizing this system it is possible to obtain a trans- 
former with a triple rating, which uses very little more 
material than that which is required in a self-cooled trans- 
former, equivalent in capacity to that of the lowest of 
the three ratings. For example, such a unit can be oper- 
ated as a 6000-kva, self-cooled transformer at normal 40°C 
ambient, the oil flowing up through the windings and out 
through the radiators by the thermo-syphon principle. The 
fans and pumps in this case are idle. When the load rises 
above 6000 kva, a thermostatic relay in the transformer oil 
automatically operates and causes the fans to start. The 
transformer then operates as a self-cooled, air-blast unit with 
an increase in rating of 33 per cent, or to 8000 kva. On an 
increase in load beyond 8000 kva, a second pair of relay con- 
tacts closes automatically to start the oil pumps. This in- 
creases the capacity by another 33 per cent, or to 10 000 kva. 
For operation beyond 10 000 kva, the usual copper-tempera- 
ture relay takes charge to give a warning signal when a dan- 
gerous temperature is approached and, finally, actually re- 
moves the transformer from the circuit if the temperature 
rise should exceed safe operating limits. 

The amount of materials used in a transformer can be fur- 
ther reduced by replacing the radiators with a water-cooled 
heat exchanger. The transformer and its oil-pumping system 
remain the same as before, except that the heat-laden oil is 
forced through a heat exchanger, which transfers the heat to 
circulated cooling water. The heat exchanger is purposely 
located at the base of the transformer so that if any leaks 
occur in the heat exchanger, oil will leak into the water in- 
stead of water into the oil. This scheme is applicable, of 
course, only when cooling water is available, as at power sta- 


40 000 kva in space requirements of 27 000-kva self-cooled unit. 


oe 


tions. The saving in weight is considerable, as much as 10 300 
pounds in the case of a 40 000-kva transformer. The dimen. 
sional reduction may also be of importance if the space avail- 
able for transformers is limited. 


The principle of forced-oil circulation lends itself well to | 
the practice of separate banking of transformer radiators, a | 
practice that is gaining favor.* Instead of each transformer } 


having its own set of integrally mounted radiators, one sepa- 
rate group of radiators serves each transformer or the entire 
bank, including the spare transformer. With forced-oil cool- 
ing, positive circulation is assured, even if the radiators are 
some distance away. ; 

To obtain the greatest possible advantage from this new | 
principle complete coordination must be realized from all 
component parts. This can be obtained only with a new de. 
sign. Although the physical changes would be relatively sim- i 
ple to make, the cost and the time required for such a change 
in the field are quite high. Such a change would require con- | 
sideration of normal losses, ratio of losses, form of construc- |) 
tion, current capacity of windings, bushings, leads, connec- 
tions, tap changers, etc., baffles to direct oil flow through | 
windings and balance oil flow between various windings pro- | 
portional to losses—also changes in tank and present cooling | ; 
system would be required. 

The probability is that there are few cases where the cost, 
time or possible additional capacity make such a conversion | 
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profitable. However, limitations of this kind do not exist ¥™ 


in a new design. 


Forced Cooling Entails No Radical 
Construction Change 


The application of forced-oil, forced-air cooling does not | 
involve any fundamental construction changes. The core | 
and coils are of the well-known shell form. No changes in the 
intercoil cooling-oil duct system are required. 

The banked radiators are attached to the tank in the con: | 
ventional manner, except that the pump is inserted in the oil | 
pipe between the bottom of the radiators and the tank inlet. | 

*To be discussed in a subsequent issue of Westinghouse ENGINEER. 
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wee Fig. 2—Standard thermal-syphon transformer cooling system. 
nec: 
yugh 
pro | The radiators can be either of the usual flat, expanded-sheet- 
jling | metal type or of the newer form in which thin spiral fins are 
7 tinned onto heavy-wall seamless tubing. The new type is the 
cost, ‘J more efficient radiator when operated in conjunction with 
sion }y forced air. The convection cooling of the spiral-fin radiator is 
exist (much less than for other forms of radiators, so that its heat- 
Jiransfer capacity is much less. It is not, therefore, suitable 
‘}when the transformer is to be operated at times without 

Pair blast. 
The air-blast fans are used individually or in bank assem- 


; not || blies of three or four, driven by totally enclosed, single-phase, 


core " ball-bearing motors consuming about 150 watts each. The 
n the 


fans use bird-wing impellers for quietness and have a free air 
delivery of about 2500 cubic feet per minute. 

7 The pumps are of the centrifugal type driven by 5-kw, 
440-volt, single-phase motors. When auxiliary power is not 
available they can be supplied from auxiliary transformers 
located inside the main tank. The pumps are built with espe- 
cially large throats so that the impellers impose practically no 
resistance to the thermo-syphon flow of oil when the trans- 
Fformer is operating without the pumps running. The motors 
}will operate in any position and are completely sealed. They 
have no glands to leak oil or draw in moisture or oxygen. 
Both stator and rotor windings are submerged in the trans- 
former oil. A portion of the oil being circulated through the 
@iransformer is circulated through the winding compartment 
for cooling the windings. 
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The Effectiveness of Forced-Oil Cooling 





The effectiveness of forced-oil cooling is more than just 
he greatly increased speed of the heat-transfer cycle. In the 
sual self-cooled, shell-form transformer, in which the oil 
rises through straight vertical ducts by natural convection 
at a rate of about eight feet per minute, the oil at the top of 
he duct is about 15 to 20 degrees C hotter than at the bottom. 
his same temperature relation exists between the two ends of 
he coils. With rapid circulation of oil (8 to 20 times thermo- 
Byphon rate) the temperature difference becomes two or 
hree degrees C, a marked reduction from the above figures. 
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) Fig. 1—Forced circulation cooling system of 40 000-kva transformer. 
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Fig. 3—Forced-cooling system with conventional radiators. 
Fig. 4—Spiral-fin radiators also used in forced-cooling systems. 


When oil flows slowly upward through the ducts a rela- 
tively stationary layer of hot oil forms by friction along the 
coil surface, thereby impeding the heat flow throughout this 
film to the oil column. For this reason it is not unusual to 
obtain thermal drop of approximately ten degrees C from 
copper to oil—two degrees C drop through the insulation, 
and eight degrees C through the oil film at the coil surface. 
Oil forced at a high velocity through the ducts (8 to 20 
times) creates a scouring action or turbulence at the coil sur- 
face so that the surface heat drop is reduced to about three 
degrees or less. The gradient from copper to oil then becomes 
about five degrees, or only half that of the thermo-syphon 
gradient. Thus for forced-cooled units, the watts per pound 
in the copper or watts per square inch of coil surface can be 
materially increased and the amount of copper greatly re- 
duced, without exceeding the thermo-syphon gradient. 

In fact, for the forced-oil, forced-air cooling, the hottest 
spot winding temperature is about eight degrees C less than 
that for a thermo-syphon unit of the same continuous ca- 
pacity. That is, a 55 degree C self-cooled unit operating in an 
ambient of 40 degrees C will have a hottest spot winding 
temperature of 105 degrees C, whereas the forced-cooled 
unit operating under the same conditions, with the same top 
oil temperature, will have a hottest spot winding temperature 
of 97 or 98 degrees C. It will be seen, no greater loss of life 
would result if full advantage were taken of this condition 
and forced-oil, forced-air units were rated on a basis 
of 62 or 63 degrees C average copper temperature rise 
instead of 55 degrees C as the hottest spot winding tempera- 
ture under this condition would not exceed 105 degrees C, 
which is permissible for class A insulation. 

Insulating spacers are required to separate the coils. Heat 
developed in the copper directly under them cannot pass 
directly outward to the oil but must travel to the edge of the 
spacer before it can transfer to the oil. In the ordinary trans- 
former these hot-spots are three to four degrees C hotter 
than the copper not blanketed by spacers. With forced-oil 
cooling this hot-spot gradient is reduced to two degrees C or 
less, for the same watts loss per pound of copper. 
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Stories 


of Research 


Measuring Powder Particles 


UMBERING the sands of the sea might be beyond Mr. P. R. Kalischer, 

but measuring the average size of the grains would be crude work 
for a newly developed device with which he can not only determine the 
average grain size of metallic powders of the order of one to four mi- 
crons (1/25 000 inch), but can rapidly determine the proportion of the 
various grain sizes that make up the powder. This latter faculty is of 
great importance in powder metallurgy as the character of the resulting 
metal is largely dependent upon grain uniformity in the powder from 
which it is molded. 

The previous method consisted of floating the powder mixture in 
glycerine and measuring its settling time. This entailed some eight 
hours for completion and failed to give accurate grain composition pro- 
portions. The new method requires but fifteen minutes and gives an 
accurate and detailed account of the powder mixture. 

The equipment used in this device for determination of grain size 
and distribution satisfies all the ideal engineering requirements of sim- 
plicity, preciseness, practicalness, and availability, being merely an 
electric light source, a photoelectric cell, a milliammeter and a long glass 


P. R. Kalischer with stop watch and milliammeter 
recording the changes in opacity of powdered-metal 
mixture in glass tube supported in front of the photo- 
electric cell. The readings are readily translated into 
grain size and the proportional distribution of sizes. 


ee 











tube. The procedure is equally simple. One gram of the specimen pow. 
der is thoroughly shaken in the tube with 100 cc of acetone, to which a 
slight amount of wetting agent (such as isopropyl xanthate) has been 
added. The efficacy of this arrangement is largely dependent upon 
utilizing the wetting agent as this helps the powder particles to adhere 
to the acetone and prevents the formation of tiny air bubbles between 
the solid and liquid. The tube containing the thoroughly shaken mix. 
ture is then clamped between the light source and the photoelectric cell. 
As the particles settle, the liquid clears, the rate of settling and clearing 
depending upon the size of the particles. The amount of photocurrent 
registering on the milliammeter is determined by the opacity of the 
mixture. Using powders of known size, standards have been set showing 
time required for the mixture to clear to a given opacity. Using these 
standards it is readily possible to translate times and opacity readings 
into grain size and proportional distribution of grain sizes in an un. 
known powder specimen. 


















Creep Tests at High Temperatures 





apie of modern steam turbines are so hot that they almost glow in 
the dark. Parts of other machines are equally hot. At these high tem. 
peratures, the stressed metal is no longer fully solid— it begins to evi- 
dence the beginning of liquefying and to act like a very viscous liquid, 
“flowing” very slowly. 

Hang a heavy weight from a steel bolt in a cool room. The bolt will 
elongate minutely as the weight is first attached, but unless the weight 




























exceeds the elastic strength of the bolt, it will not evidence any appreci- Fo 
able ‘‘flow.” Hang the same weight from a similar bolt in a hot furnace} ¢ 
(400°F or more), and the bolt will keep on elongating as time goes on. f 
If the weight is heavy enough, this creep will lead to failure. Under} p 
smaller weights the creep will decrease. Since the bolt has to carryaf} n 
certain load, a certain amount of creep will always result. Bf, 
No set standards have yet been formulated for the limiting-creep Bit 
stress, simply because not enough is known about the strength of mate- fir 
rials at high temperatures. However, Dr. A. Nadai and his associate, fp 
Mr. M. J. Manjoine, have devised an ingenious method by which much Fh 
data about creep of metals can be obtained automatically with little Fis 
attention on thg part of the observer. n 
Test rods of steel, copper, or whatever alloy is under examination are F} ol 
stressed to a certain tension by means of weights. Surrounding the} v 
center part of each rod is an electric furnace, accurately controllable in 
temperature. An extensometer placed inside the furnace measures the f 
elongation of the rod as it creeps under the effects of temperature and) O 
tensile stress. The extensometer indication is read on a conventional} ci 
cyclometer counter, such as indicates the mileage on a car. A periodical) ye 
reading of this counter indicates the creeping history of the test speci re 
men and shows how much the rod is elongated before failing. fo 
Obviously, it is tedious and wasteful of time to have an attendant tr: 
read the cyclometer at regular intervals during a test that lasts weeks or} fo: 
months. Dr. Nadai and Mr. Manjoine have therefore enlisted the aid of F) is 
a small motion-picture camera, which photographs on a single frame of F ha 
standard movie film at predetermined intervals the dials of eight counters go 













from eight different creep-testing furnaces. Thus a whole group of tests) tay 
on different metals and under different temperature or stress conditions ff} on 
can be made simultaneously. No attention is necessary until an auto f} tio 
matic alarm shows that a specimen has failed. 





M. J. Manjoine checking automatic recording device. 









General view of the bank of 
high-temperature creep-test 
furnaces with all their atten- 
dant recording equipment. 
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R. C. VAN SICKLE has been working with 
high-power stuff all his engineering life. He 
entered practical engineering work at West- 
inghouse in 1925, a few weeks before its 
first high-power laboratory was placed in 
service, and has lived with it and the de- 
velopment of short-circuit testing technique 
ever since, through successive enlargements 
of the testing facilities. Not content with 
becoming an expert on high-current testing 





of circuit-opening devices in the United 
States, Van Sickle went to Germany in 1928 
for two years at the Siemens-Schuckert 
plant near Berlin to observe the use of their 
new high-power iaboratory. Van Sickle is a 
familiar figure on the platform of engineer- 
ing conventions, nearly every year present- 
ing papers on various circuit-interruption 
problems. He is particularly well known for 
his studies of transient recovery voltage. He 
is both a mechanical and an electrical engi- 
neer, Cornell ’23 and ’24 respectively, and 
obtained a Master’s degree from the Uni- 
versity of Pittsburgh in 1928. 


One might say that F. L. SVYDER has spe- 
cialized in transformer specialties. In 17 
years with Westinghouse he worked with 
regulating transformers, instrument trans- 
formers, tap changers, reactors, power CSP 
transformers, mobile transformers, trans- 
former control, and protective devices. He 
is now in charge of the engineering division 
handling all these devices. To him largely 
goes the credit for the present scheme for 
tap-changing under load. He is an authority 
on the intricate problems of voltage regula- 
tion and his associates have come to believe 
that if Snyder can’t find the solution to a 
voltage-regulation problem, there just isn’t 
a solution. After obtaining his degree in 


electrical engineering at Gettysburg College 
in 1923, he spent a year at Columbia Uni- 
versity in special studies of mathematics and 
engineering. He has one complaint at the 
moment. The time spent in landscaping the 
grounds of his new home is ruining his golf 
game—except that war-time engineering 
doesn’t allow any time for landscaping. 





No desk-chair engineer is M. A. HYDE. A 
little over a year ago the Plantation Pipe 
Line was only a project on paper, and air- 
planes were still flying back and forth, 
searching for the most practical route. M. A. 
Hyde was called in to assist with the multi- 
tudinous electrical problems. For weeks he 
lived in the field, wrestling with such prob- 
lems as how many and what size motors to 
use in each station, how to start them on 
limited capacity lines, how to obtain high 
efficiency both at the start and later when 
the load is to be increased by one-half, how 
to coordinate the motors and controls with a 
highly flexible but complex hydraulic sys- 
tem. Having developed an acceptable elec- 
trical system for the entire 1260-mile line, 
he returned to his office at East Pittsburgh 
to guide the designers in creating the appa- 
ratus to fit that plan. Then as the equipment 
was being erected along the line, he lent a 
hand with supervision of testing, checking, 
and final adjusting. His article in this issue 
was, in fact, written while on a plane from 





Atlanta to his office to obtain additional in- 
formation for a proposed enlargement of the 
pipe line. 

Hyde has been doing engineering of this 
sort for the electrification of refineries, ce- 
ment mills, and large public buildings, since 
coming to Westinghouse from Case School 
of Applied Science in 1925. It might be said 
that Hyde is a living refutation of the idea 
that oil and water don’t mix. During those 
days a few years back, when life, even for 
engineers, moved at a little more leisurely 
pace, Hyde spent his daytime energies on 
oil-plant electrification problems and his 
week-ends paddling a mean canoe on the 
Allegheny river. 


The youthful appearance of the author on 
wide-speed drives belies his uncommonly 
broad engineering experience. G. A. CALD- 
WELL has covered a lot of engineering 
ground since graduating from Purdue in 
1927 with a degree in electrical engineering. 
These 15 years with Westinghouse have 
been spent applying motors and controls to 
cranes, electric shovels, hoists, all sorts of 
steel-mill auxiliaries, planers, grinders, drill 
presses, and a host of other machines of the 
materials-handling, steel-mill, and machine- 
tool industries. Not only has he been dealing 
with electric drives for the more common 
varieties of machines, but also he has engi- 
neered many special devices—some of them 
quite spectacular in operation—such as the 
sheet catcher for steel mills, the flying 





shear, and a “hot saw” for accurately cut- 
ting steel pipe as it emerges red hot from the 
mill. In addition to his practical engineering 
experience and ability, he has the kind of 
personality that enables him to win friends 
and get difficult jobs done smoothly. 


W. G. JAMES is a big man but he is dwarfed 
by the giant transformers he builds. He has 
designed some of the largest of the power 
transformer whoppers, such as the three- 
story high, 65 000-kva giants on the receiv- 
ing end of the Boulder Dam, Los Angeles 
287-kv line. Mr. James obtained first-hand 
engineering experience early. During three 
of the four years he spent at Kansas State 
getting his engineering degree (1913) he had 
complete charge of power generation and 
distribution over the campus. Two years of 
engineering work at the General Electric Co. 
was followed by a year on the electrical-engi- 
neering teaching staff at the University of 
Maine, and four years as associate professor 
of electrical engineering at Texas A. & M. 
Since joining Westinghouse in 1920 he has 
worked his way from transformer designer, 
to head of the section, to manager of the 
power-transformer division. 


We don’t know any group of individuals less 
like the picture painted of it than research 
men. Certainly DR. SIDNEY SIEGEL is not. 
To be sure, he is a quiet fellow, of few words, 
but extremely human, and personable, and 
has the ability to explain deeply technical 
matters in lay language. He began his re- 
search work at his alma mater, Columbia 
University (A.B. in ’32), spending five years 
after graduation as research assistant and 
teacher’s assistant, meanwhile obtaining a 
Ph.D. His time as a research fellow at the 
Westinghouse Research Laboratories was 
spent on investigation of the characteristics 
of single crystals of aluminum, gold, silver, 
and other metals. Since 1940 he has been 
working on magnetic problems. 








With the supply of tree-grown rubber abruptly stopped, manu- 
facture of synthetic rubber develops suddenly from the infant 
stage into a full-grown industrial giant; from ten thousand 
tons to a million tons yearly in two years. The tremendous 
quantities of raw materials required will largely come from 
our petroleum reserves, by way of large oil refineries like this 


one. (See “Synthetic Rubber—A Major Industry,” p. 71.) 















